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EIGH-RESOLUTION AUTORADIOGRAPHY ‘

By (%omBC. T.OWE,HmJEYJ. ~OMBDEG, andJ. W. FEEEMMJ

SUMMARY

Au.toradwgraphy )iuJIbeen wcd only to a rather limited
extent in metdurgicul 8tudti. Probably the q“oT deterring
factor hax been that the aui%radiographi.cvystenw have not
provided the high rtxolution required in many invtxiigationa.
A general discussion of the requirements joT high-resolwii.on
au@uiiagraphy is piwented in this report including detecting
layer as well a-sradwactim samph 8peci@ati0n-s. The need
jor a thin photographic emulsion in close contact with the meta-!
surface h emphasized. The desirability of wing favorable
radiation (e. g., .?0w+wrgy beta radioactivity) is also dimus8ed.

The purpo8e oj thie invatigaiion w to adapt the high
resolution wet-procem aui!oradwgraphicmethod, developed in
other jields, to i%e study of metal 8tructurtx In order to
evaha?.ethti au.!mwdwgmphickzhnigu.e, 8evera.1types of radw-
actwe 8amples were prepared, including carbon-lJ carburi.zd
iron and 8teel,nickel-63 eleztroplut.ed8ampl.e-s,a pouder prodwct
containing ntikel-63, and tung8ten-186 in h@A.empemture-
rtitant aUoyN–166.

The techniquewm perfectd to the point where it ww demon-
strated that au!oradiograph.sCOUIG?be produwd which w&
resolve radioactwe areas aepar& by Lx8 than 10 mixo?m
The aui?oradwgraphb viewed without removi~ ii fiwm the
surfaw under inve3tigati0n 80 that the microstructure and the
auloradwgraph can be 8een timu.ltamm-uxlyu& the micro-
8cape. Reconamendaiprocedumx are givenfor the preparation
of the metal.lographicmount, addition of tlw thin pladic pro-
tectivelayeT,and photographti emti processing.

In addition to the radioactive specimm, the mount 8h0w?.d
contain a nonradwaztive cantrol 8ample. The mount 81wuld
be given a good metallographic polish and be kept cleum. A
proi%ctivelayer ia required to eliminate TeaciYionbetween the
photographic chemicals and the metal qw%n.ens. The pTo-
teztivelayer 8h0w?dbe kept thin so that thephotographic detecting
layer will be .ihz.kd in close contact with the MLrfaceto be
autoradwgraplud. Many phtic materia.k m weZlas evapo-
rati gold and silverfilms were investigated. A Vinylite @m
80Whd I?t278than 1 micron in thiGk7W8WiL?suitably protect
a metal samplefor ezpoeure up to 1 day.

ConAderable e~ort was devoted to the improvemtmt of the
coli?odion‘temulaionf’ layer. l’h.e thick?L888Of th?k byeT Wil$
redweo? to approximatdy 4 microns. Various organic and
inorganic senmMzer8were addedwi-?lino noihkabk e$ect. The
coUodionlayer h heavily loaded with eiher bromide (up to 88
weight percent AgBr) so i%atthe 8ampla are well covered by
the detecting cysti. The siher bromide grains are apprti-
m.atdy 0,2 micron in dimneta. % detecting layer i-sformed

and Temuh.s directly on the w$z.ce of the protedb luyer.
l%e autoradiogmphic imqe km never been ob8erved to be
dtipkcedjwn the 8ource of TadWIZCtiVity.

The need for a Lxw!.emperaiure txposure was acamined.
Backgmwnd photographicfog waa greatly minimizd by a cold
aposure (,$!OC).

Many di$erent developing ageni%were inve.sti.gated& the
T&t l’hd a 4-p8TCCnt a@@U8 801’U4i0?lOffCrTOllSS’ldfti iS
recommended. The e$ect of mmiai%m.sin development time
and temperatureww do 8twd&?d.

J911J%%8~cO?@Ol OVCTbackground photographic fog WC8
achieved 80 that background dver grain couni% of k88 thun
1,000 grain8/mm2can be expected.

A comparimn tom made between wet-proca8 autoradio-
graphs and autoradiogmph8prepaTedwith a commercial8tTip-
ping emti. EWnw both emuleions have about the 8ame
t.hickne38and can be applied in do8e contuct with the naetd
8peoimen8, the Te80h&n.8 obtaimxi are comparable. Both
pToce88e4huve certuin adazntagtx and dimdmntagtx. The
limitation appliculde to autonzdiography in genera.!and the
wet proce38in parti.mdarare disewmd.

INTRODUCI’ION

The heahresistant alloys which have been developed for
the severe temperature and stress conditions of modern air-
craft propulsion systems generally have complex micro-
structure% Research on these alloys is often handicapped
because the metallurgist is unable to determine the composi-
tion of the segregated mkroconstituents through which the
properties of the alloys oan be drastically modified by
metallurgical treatments. Likewise, the metallurgist often
cannot determine where alloying elements are located in the
microstructure. Such information is required for the under-
standing necemary for good control of properties and the
efficient utilization of alloying elements.

Radioactive isotopes provide a method for this structural
analysk in metfil systems. The three types of radiation
most frequently encountered are:

(1) Alpha. The alpha psrticle is a heavy, doubly charged
particle (mass 4, charge +2) which has a short range, at the
most a few centimeters in air, and a stiong photographic
action. Alpha radioactivity occurs only in elements of very
high atomic numbe~the naturally occurring radioactivity—
and will only rareIy be encountered in tracer studies.

(2) Beta. Beta particles are electrons (very low mass,
charge —1) created when a neutron within an excited
nucleus is converted into a proton. The electron moves off

ISopawks NAOATN w, Wl@-ILesolatlonAutaadIogmph#’by GeorgeO.Tow%HenryJ. Oomberg,andJ. W. FrwrnmL1S34.
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with high velocity carrying away excess energy and the
nucleus takes on a more stable configuration. Beta particles
have rangea up to several meters in air and are very com-
mon in artificially produced radioisotopes. The photo-
graphic activity of beta particles is lower by perhaps a factor
of 1,000 than that of alpha particles. I?ositrons are elec-
trons of nuclear origin with a charge of +1.

(3) Gamma. Gamma rays are electromagnetic radiation
of nuclear origin. These rays are characterized by their
great penetrating power and have still less photographic
action than the beta particles by a factor of perhaps 100.

Autm-idiographs of microstructure using radioactive iso-
topes of the alloying elements offer considerable promise as
a means of partially det.ermmm“ “ g the composition of complex
microconstituents. To be most useful the autoradiographic
technique should be capable of showing the presence of
radioactive elements in microconstitnents at least as small
as 1 micron and spaced not over a few microns apart.
We~process nutoradiography, aa developed in 1949 by Dr.
Henry J. Gomberg at the Universi@ of lhfichigan, to obtain
the same objectives in biological studies of tissues, offered
considerable promise for metallurgical studies.

Accordingly, work was undertaken in 1949 to adapt the
process for metallurgical purposes. The essentiaI features
of the process involve the preparation of a collodion iilm on
the surface of a polished and ekhed metallographic sample
containing radioactive alloying ekments. The collodion
film contains soluble halides which form insoluble silver
halides w-hen immemed in a silver nitrate solution. While
the silver halide forms, it is subject to ionization by the
radiation from the metallurgical sample, reducing a very
small amount of the silver halide to silver. The radiation-
affected silver halide in the collodion emulsion is then
developed and iixed. When properly carried out, the de-
veloped silver grains are located directly over the radioactive
region and thereby locate the sib of the activi~.

High-resolution autoradiography requires that the emul-
sion be very thin and in intimate contact with the sample
surface. Interpretation of the autoradiographs is facilitated
by keeping the emulsion in place on the specimen during and
after photographic processing. Furthermore, it is almost a
necessity and certairdy desirable that the microstructure of
the metal be vMble through the autoradiograph.

The work for this report was initiated in 1949 when the
best autoradiographs were obtained by placing metallurgical
sections in contact with dry photographic emulsions. The
resulting autmadiographs had to be compmed separately
with the metal structure and the highest magni6cation
possible was of the order of 50 diametem.

In attempting ti adapt the wet-process technique to
metrdlurgicd samples one problem which required solution
was the corrosion of the metal surfaces. Suitable protec-
tive layers had to be developed. Finally, optimum emulsion
processing conditions had to be established.

No metallurgical research involving the use of autoradio-
graphs wa9 carried out. Carburized iron samples and radio-
active nickel, plated on platinum, were used as standard
radioactive sources in the development work and have been
used to illustrate the results of the process. The speciiica-
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tions for the radioactive samples
raphy were also evaluated.

This investigation was carried

for successful autoradiog-

out at the Universit~ of
Michigan Engineering Research Institute under the spo&or-
s~p and with the financial assistance of the National Ad-
visory Committee for Aeronautics. Acknowledgment is
made of the sponsorship by the Atomic Energy Commission
of related work under Dr. Henry J. Gomberg’s supervision.
These investigations were carried out concurrently, and cer-
tain information gained from the AEC investigation was
immediatdy applied to the work covered by this report.

ATJTORADIOGRAPHICMETHOD

Autoradiography is a technique for locating the position
of a certain (radioactively tagged) element in a solid system.
Simply stakd, autoradiography consists of photographically
detecting the location of a radioactive constituent in a
heterogeneous system. The radiation emitted by the radio-
active elements acts on a photographic emulsion so that an
image is formed where the radiation has afEectedthe emulsion.

The simplest form of autoradiogmphy is that in which a
radioactive sample is placed in contaot with a photograph
plate or film. After a suitable exposure time, depending on
the amount of activity present, the photographic plato or
film is developed. The photographic blackening will bo pro-
portional to the radioactivity concentration if the samplo
contains region9 of d.ifleringradioactivity.

The ionizing effects of radiation render the silver halide of
a photographic emulsion developable. Thus, an image is
formed in the emtilon -wherethere has been interaction with
the radiation. To make this interaction produce umful re-
sults it should be possible to correlate the appearance and
distribution of the lihn blackening with known structural
characteristics of the radioactive sample. This correlation
is most readiIy performed with the exposed and developed
film superimposed upon the active sample. If the film is not
too heavily exposed and is not too thick, it is possiblo to
examine the photographic image (the autoradiograph) and
the sample surface simultmeously under a microscope.

Much of the early autoradiography was done by placing
a polished metallurgical specimen on the emulsion of a photo-
graphic plate. After the exposure the sample was mmowxl
to permit photographic processing of tho plate. It was thus
necessary to view the autoradiograph and the specimen
separately. Several approaches have been used to diminato
this particukw problam. B61angerand Leblond (ref. 1) pro-
posed a method for painting a gelatin emulsion onto tho
wmplm. There are now commercially available stripping
61.msin which thin emtilon is iimt peeled from a huwior
backing and then placed on the specimen surface. Devol-
Dpmentcan take place without remotig the emulsion. In
the wet-proccsw method to be described here, the radiation-
Sensitivelayer is formed in very close contact with the metal
mrface and all photographic processing takes place without
removing the film from the sample.

WYI’ALLURGICALAPPLICATIONSOF AUTORADIOGRAPHY

Becquerel was probably the fit to observe the restits of
i nuclear transformation when in 1896 his photographic



HIGH-RESOLUTIONAUTOIL4DIOGRAPHY 983

plates were exposed by the gamma radioactivity of uranium
ore. This was the first autoradiography.

Shortly thereafter, St?ip and Be&e (ref. 2) used auto-
mdiography to demonstrate the segregation of radioactivity
in ore specimens.

In 1932 and 1933 Tammann and coworkers (refs. 3,4, and
6) demonstrated that autoradiography could successfully be
applied to the solution of metallurgical problems. These
workers were still limited to the use of the few naturally
occurring radioisotopes.

The discovery of artificial radioactivity in 1934 by ~. Joliot
and Irene Curie greatly expanded the range of applicability
of autoradiography and all other radioactive tracer experi-
ments. In 1938 Groven, Govaerts, and Gu6ben (ref. 6) pre-
pared autorrdiographs using this arti.iicial radioactivity,
utilizing the beta particles emitted by radiophosphorus and
neutron-activated iridium metal.

The greatcat advances, however, have been made since
1946 when radioisotopes produced in nuclear reactors be
cnrm quite rendily available. (For reviews of applications of
rndionctivity in metallurgy, see refs. 7 through 16.)

INVESTIGATION OF SEGREGATJW

Radioactive additions to a melt,—Addition of a mix-
ture of lead and its radioactive isotope thorium-B to a
cutcctic zinc-aluminum alloy indicated that the lead was
lnrgoly distributed along the grain boundaries of the eutectic
(ref. 17),

Studies of the distribution of lead in stainless steel were
reported twice in 1951 (refs. 18 and 19). Standifer and
Ii’ontana used an Eastman Spectrographic Plate for their
investigation and presented an autoradiograph at 8 di-
ameters. Erwall and HiUert used Kodak Autoradiographic
Plato and were able to show autoradiographs at 75 diametara.
Both of these studies indicated that the lead was situated
bcdmwenthe dendrite branches.

Kolm has investigated sulfur, phosphorus, and arsenic
segregation and diffusion in steel (refs. 20 to 23). These
nutorndiographs were shown at 5 diameters. Chvorinov,
Jcnffiok, and PetrZflka (ref. 24) also studied phosphorus
segregation in steel.

Rndionctive tungsten in nickel-base alloyBwas studied by
Jones (refs. 25 and 26). The autoradiograph at 50 diametem
shows tungsten in the dendrites.

Lend-bismuth alloys containing radioactive bismuth were
examined for segregation of the polonium resulting horn the
decoy of the bismuth-210 (ref. 27). Three types of segrega-
tion were established: (1) Crystal boundary segregation, (2)
surface segregation, and (3) inhomoganeous crystallization.

Simnnd, Birchenall, and Meld (ref. 28) used chromium-51
in ~ study of the mechanism of carbide formation in stainless
steel. These investigators attempted to locate a zone de-
pleted in chromium at the grain boundmies by examining
microphotometer traces of autoradiographs. Results fu-
nished no evidence for the presence of such a zone greater
than 20 microns wide which was the resolution limit of their
tcchniquo.

h situ oyolotron or pile irradiation.-It is possible to make
materials radioactive by irradiation with neutrons, protons,
or deuterons. In determiningg whether the activity of one

constituent in a complex system can be made to predominate,
and thus be useful for autma.diography, two major factors
must be considered: (1) The half lives of the various radio-
isotopes formed during the irradiation and (2) the activation
cross sections (probability of being made radioactive while
being irradiated) of all the constituents of the system.

If several isotopw are formed with similar half lives, it is
necessary that the constituent of interest have a much larger
cross section so that its radioactivity will predominate over
the other activities in the sample. On the other hand, if the
yields or cross sections of all of the activated constituents are
similar, it is necessary that the half life of the desired com-
ponent be either much shorter or much longer than that of
the other active components.

With a shorter half life the irradiation time can be kept
short so as to give the desired compommt the larger decay
rate, while with a longer half life the sample can age for a
time after irradiation ti permit decay of the shorter lived
interfering activities.

The segregation of aluminum in aluminum-silicon alloy
was studied by Stephens and Lewis (ref. 29) in 1946. These
investigators exposed the alloy sample to fast neutrons from a
cyclotron. The autmadiographs were prepared on X-ray
iilm and had a resolution of about 500 microns.

Kohn (refs. 20 and 23) has studied the segregation of
phosphorus in steel by irradiating the steel samples with
thermal neutrons in a nuclear reactor (pile).

Laing and coworkers (ref. 30) investigated the behavior of
sodium in reilactory materials. The concentration and loca-
tion of sodium in cross-section surfaces were shown by auto-
radiography of samples activated by deutaron bombardment
in a cyclotron.

Ex&nples of three different @es of in situ irradiation are
given by Michael and others (ref. 31). An aluminum-copper
alloy solidified under nonequilibrium conditions was irra-
diated 14 hours in the Brookhaven pile at a thermal neutron
flux of 2 X 10Uneutrons/cmi-sec. Another aluminum-copper
alloy was irradiated for 3 hours in the M. I. T. cyclotron at a
flux of 107 to 10s neutrons/ems-see. Cyclotron deuteron
activation was also shown for a mineral specimen. Auto-
radiographs were shown for all of these types of irradiation.

Impurities in weld interfaces of pileirradiated ahnninuni
specimens were studied by Montariol, Albert, and Chaudron
(ref. 32). These investigators noted an increase of impurities
at the grain boundaries. The same phenomenon was also
observed by introducing a trace of radioactive zinc into the
aluminum.

Surface reactions.-By utilking preferential sorption, ion
exchange, or differences in electric potentials of the constik
uents on a metal surface, it has been possible to “plate” a
radioactive constituent from a solution onto the metal surface
so as to outline certain phase areas (refs. 33 to 37).

Nnolear-reaotion radiography.-A technique of Hillert
(refs. 38, 39, and 40) has been used by Faraggi, Kohn, and
Doumerc (ref. 41) to show the location of boron in a O.O1-
percen&boron steel. Autoradiographs are presented at
100X and 300X. This technique utilizes the nuclear renction
which occurs when boron is irradiated with neutrons:

,B1°+onl+Ji7+9He4
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The method consists of applying a photographic emtilon to
the sample surface and irradiating with neutrons. The
alpha particles @le4) resulting from thisreaction produce an
“autoradiographic” image in the emulsion. very high
resolution is possible tice the 1.5-mev alpha particlea -will
not penelrate more than 2 microns of steel. In effect, then,
the emitting sample is only 2 microns thick.

D~SION

Autoradiogmphy is an excellent method for distinguishing
the reIative effects of volume and grain-boundary dMusion.
For self-diffusion it is the only technique for making this
distinction. Hoffman and Turnbull (ref. 42) have shown
grain-boundary sdf-difhion of silver by autoradiographs.

Grain-boundary diilusion of cobalt in iron and in nickel
has been demonstrated autoradiographically by Ruder and
Birchenall (ref. 43). Achtm and Smoluchowski (ref. 44)
have presented autoradiographic evidence for the graim
bound~ tilon of silver in copper.

The self-dillusion coefficient for gold has been measured
by autoradiography (ref. 45) as has the rate of volume self-
diilusion of tin (ref. 46).

FRICTIONANDWEARSTUD=

Burwell and Stmmg (refs..47 and 48) have discussed the
use of radioactive tracers for friction and wear studies on
metals. Since the amount of material transferred may be
very small, the sensitivity of the auto-radiographic method
makes it a very useful tool for studying metrd tmmsfer or
‘(microwelding.” The above authors autoradiographically
examined the ellects of various lubricants on the amount of
radioactive chromium transferred to a case-hardened steel
surface during friction tests. They also used a radioactive
piston ring to study metal transfer to a cyli.ndw wall during
the operation of an internal< ombustion engine. I?i.mdlyj
Burwell and Stmmg presented autoradiographic evidence for
buildup of metal at the cutting edges of an end milling cutter
used to cut radioactive metal No metal buildup was visible
under the optical microscope.

Burwell (ref. 49) has given a good review of the techniques
used in friction studies.

Rabinowicz and Tabor performed an autoradiographic
study of metallic transfer between sliding metals (ref. 50)
using many ditlerent lubricants and radioactive sliders made
of different metals.

Rabinowicz has examined metal transfer autoradio-
graphically by h-o somewhat different techniques:

(1) A steel sample with a copper friction track was im-
mersed into a solution containing radioactive iodine-131.
The iodine reacted.with the copper so that after the sample
was washed, dried, and autoradiographed the location and
form of the copper back were revealed in the autoradiograph
by the iodine radioactivity (ref. 51).

(2) A similar steel sample with the copper tract was neu-
tron irradiated and then autoradiographed to show the loca-
tion of the copper friction track (ref. 52).

COEROSIONSTUD=

Radioactivity has been used in several corrosion inv@i-
gations. Bacon (ref. 53) eleckoplated samples with thin

1

1
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layeraof radioactive iron and followed the corrosion process
autoradiographically. The formation of oxide or removal of
part of the iron layer as a result of corrosion altered the uni-
formity of the radiation from the surface so that the auto-
radiographs gave clear pictures of the corrosion effects,

HIGH-RESOLUTION-AUTORADIOGRAPHYREQUIREMENTS

The importance of high-resolution autoradiogmphy to
metallurgical studies is attested by the number of papers
reviewing tracer applications in metallurgy which contain
statements to the eilect that the autoradiogmphic technique
is only now in its early stages of development, but enough is
known about it to indicate that it will become a very valu-
able tool in the near future. (See, e. g., ref. 64.) The “de-
velopment” has largely been directed towarcl improved
rewdution.

The usefulness of autoradiography in metallurgy will in-
crease as the resoltig power is improved because the metal-
hmgist is generally most in need of identifying very smdI
microconstituents. Many autoradiographs have been pre-
pared using such commercially available photographic emul-
sions as No-Screen X-ray, lantern slides, rmd spectrographic
plates. In general, these all suffer the disadvantage of being
thick low-density emtilons. For reasons which will next
be discussed, it is impossible to obtnin high-resolution beta
mtoradiographs (of the order of a few microns) with such
3mulsions.

Several authors (refa. 66, 56, and 57) have published de-
tailed calculations on the theoretical aspects of autoradiog-
raphy. The conclusion derived from these studies is that
resolution will be improved by a decrease in thickness of (1)
he photographic emulsion, (2) the radioactive sample, and
(3) the separating layer between sample and emulsion.

D131?liClZNCi-LAY13RSPE~CATIONS

The important charactitica of a detecting layer for use
n high-resolution autmadiography are:

(1) ThiClmess
(2) sensitivity
(3) Silver halide loading
(4) Grain size
(5) E=e of application in intimate contact with sample

iurface
l?hesecharacteristics are discussed in detail.

Thic?mess.-Since radiation from a point radioactive
lource is emitted uniformly in all directions of space, the
wl.iation may be considered to dimhish in intensi~ accord-
ng tn the inverse-square law. For alpha and beta radiation
his is a close approximation and need be modified only to
wcmmt for the deiinite maximum range of these particles
n matter. See table I for properties of several “typical”
d.ioisotopes

The need for thin emulsions (and thin separating layers)
s a result of this isotropic emission. Because of this property
of radioactivity, the closer the photographic detecting layer
is to the source, the denser and sharper will be the photo-
graphic image.

A thick emulsion will generally show an image which is
[es sharp than that obtained in the thin detecting layer
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2 ,.-1 I
Particleemgy,mev

Fraurw1,-8peoifio energylose of eleotronsin
enei”a. @rem ref. 100.)

because the cross-radiation (emitted in

d

air as a funotionof

a direction other
than normal to the sample surkwe) has a greater path length
in the dicker film and, hence, a greater probability of ren-
dering several silver halide grains developable.

The thinnest detecting layers now used are between 3 and
6 microns in thickness.

Sensitivity,-Reasonably good sensitivity is desirable so
that unduly long rmtoradiographic exposures are not re-
quired for samples with moderately low amounts of radio-
activity. Sensitivity is an inherent characteristic of each
individual detecting layer and is influenced by grain size,
ridded eensitizela, and the manner in which the emulsion is
prepared (e. g., ripening conditions). Sensitivity is also a
function of the energy of the irradiating beta particle.
l?igure 1 indicates that for energies below- 1 mev there is a
mnrked increase in speci6c energy loss with decrease in beta
energy, This means that a beta particle of 0.05 mev has
I-Lgreater energy loss per small unit of path length than
a 0,5-mev particle. The greater energy loss also means a
higher probability of causing an ionizing event tith a silver
halide crystal and thus rendering it developable.

There me also indications (refs. 58, 59, and 60) that the
photographic action of electrons is a maximum between 50
and 100 Iiev. It should be expected that a given photo-
gmphic emulsion would show higher sensitivi@ to a soft
beta emitter such aa carbon-14 than to a more energetic beta
emitter such as phosphorus-32. This phenomenon haa been
observed experimentally (ref. 61).

A thick emulsion will appear to be more sensitive than a
thin one because there mullbe increased photographic activity
(blackening) due merely to the increaaed path length of the
beta particlea through the thicker emulsion. The very
thin emulsions needed for high-resolution autoradiography
may appear to have low sensitivity because some of the

beta particles will pass through the detecting layer without
producing any photographic action.

Silver halide loading.-In order to increase the probability
of beta interaction with the silver halide in the thin emulsions,
the silver halide content is made very high.

Commercial nuclear emulsions contain over 80 weight per-
cent silver bromide in gelatin. The wet-process collodion
films ‘a contain almost 90 weight percent silver bromide.
These values correspond to approximately 45 volume percent.

Close packing of the small silver halide grains is also re-
quired for high-resolution autmadiography. If voids exist
in the film because of large spacings between crystals, the
autoradiographic image may not give a true representation
of the radioactive source. The usual commercial photo-
graphic emulsions contain 10 to 20 volume perc8nt silver
halide (ref. 62).

&ain size,-Little need be said concerning the necessity
for using iine-grained emulsions and development processes
which produce reasonably small silver grains. The grain

I size of ‘most nuclear em~ons is 0.1 to-0.5 micron, ;hile
X-ray films may have grains many microns in di&neter.
For low-resolution autoradiography, fast X-ray film is
frequently used. This coarse-grained film has the advantage
of high photographic speed which permits samples with low
activities to be autoradiographed with reasonably short
exposurw. High-resolution work cannot be done with this
thick coarse-gmined fdm, how-ever.

It is probable that certain emulsions have silver halide
grains which are too small for suitable autoradiography.
Boyd (ref. 63) has reported that Kodak No. 548 plate is too
insensitive because of the grain size to be of much practical
value for taking betagraphs.

The carbon-14 carburized samples prepared for the present
investigation produced suitable response on ~o-!%reen
X-ray film after 5-minute exposure. Metallographic plates
and lantern slides required exposures of 1 or 2 hours. How-
ever, a l-week esposure on a Kodak No. 649-GH plate
produced only a very faint image. The Kodak types 548
and 649 are very fine grained emulsions having resolving
powers, respectively, of approximately 500 and 1,000
lines/mm.

Contract with specimen surfaoe.-As indicated previously,
the photographic detecting layer must be as close as possible
to the sample surface. This means that if any separating layer
is used its thickness should be kept to a minimum. The
method of applying the emtilon to the sample must be such
that good contact is insured during the exposure.

In the wet-collodion technique the detecting layer is formed
on the sample surface. The painting technique in references
1 and 64 and stripping illm usually leave the sensitive layer
in good contact with the surface to be investigated. Dry-
contact autoradiography leaves much to be desired from this
point of view. Slight irregularities in the sample surface
result in poor contact with the emulsion and, hence, loss of
resolution.

The previously mentioned theoretical considerations lead
to the conclusion that the most important single factor for
promoting high resolution is a low interspace thickness
between the sample and the emulsion. These calculations
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were qual.itatively conthned by lZdlert (ref. 39) using a
4-micron Kodak Autoradiographic Plate. He states that
the resolving power was found to be diminished by a factor
of 3 when the emulsion was moved from direct contact with
the spectien to a distance of 3 microns.

RAD1OACTIVBSAMPLESPECIFICATIONS

The radiation emitted by a radioactive source located some
distance below the surface of a specimen will be difEuseby
the time it reaches the emulsion. II it is possible to prepare
samples which are thinner than the maximum range of the
radioactive particles, it should be possible to reduce this
“diffuseness” due to subsurface radiation. In the auto-
radiography of steel samples conta&ng radioactive phos-
phorus, resolution will be improved as the sample thiclmess
is reduced below 1,000 microns (1 millimeter).

In the case of carbon-14 with a mtium beta energy
of only 0.157 mev, the maximum range is approximately 38
microns in iron. Thus, if the specimen thickness is less than
38 microns (1.5 mile), improved resolution might be expected.
The shape of the carbon-14 beta spectrum, shown in figure
2, indicates a most probable beta radiation of near O.O4Omev.
In order to obtain s-iqnijicantlyimproved rwolution with
steel samplea containing carbon-14, it is necessary to reduce
the sample thickness to leasthan 6 microns (0.25 roil). Such
specimens are very difEcult to prepare. It has been sug-
gested that the metal-cutting microtomes (refs. 65, 66, and
67) might be used to prepme thin samples for autcradiogra-
phy; howevar, this type of instrument was not used in this
investigation.

By using low-energy beta and alpha particles it is possible
to reduce the effective thidmess of the sample and the
emulsion. The nuclear-resction radiography of Hillert (ref.
38) produces 1.5-mev alpha particles which will penetrate
only 2 microns of steel and about 4 or 5 microns of a nuclear
emulsion (with assumed apecfic gravity of 3 to 4). In this
example, only the top 2 microns of a much thicker sample
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would contribute any alpha particlea to the photographic
action; also, only the 5 microns of photographic emulsion
nearest the metal surface (assuming no separating layer)
would be acted on by these alphas.

A similar argument may be used for weak beta particles.
Tritium betas, with a mtium energy of 0.02 mev, havo a
range of only 1 micron in steel. Nickel-63 beta particles
(see table I) have a range of 7.6 microns in steel.

Figure 3 shows a side view of the carbon-14 carburimxl
iron sample being autoradiographed. It is readily observed
that subsurface radioactive sources, unseen in microscopic
examination, can affect the photographic emulsion. The
arrows indicate the paths of beta particles emitted by tho
radioactive carbon in the cementite.

ACTIVITY-LEVELREQUIREMENT

Herz and coworkers have indicated (refs. 61 and 68) that
10s to 10Ualectror@m2 are required to obtain a density of
0.5 above fog on the Kodak Autoradiographic Plate. The
present investigation on the sensitivity of the wet-collodion
film to carbon-14 and nickel-63 radiation indicated that 10°
to 101°electrons/inns (exposures of 1 to 10 hours) produced
satisfactory image9. The following calculations show tho
approximate activity levels in the nickel-03, carbon-14, find
tungsten-185 samplea used in this investigation.

~ickel-63: These sampleawere prepared by electroplating
nickel-63 on platinum or silver from a nickel sulfate-boric
acid bath prepared from a nickel chloride solution received
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from the AEC, Oak Ridge, Term. (see appendix A). The
solution as received contained 0.182 me/ml activity and 20.5
mg nickel/ml solution. One millicurie (me) is defied as
3,7X107 disintegrations/see. The nickel specific activity is
thu8 8.88 mcfg.

Since the speciiic gravity of nickel is 8.9 g/ml, the activi~
of a l-micron cube is: (8.9 g/ml) (8.88 me/g) (l O-Uml/micron
cube) =79 X 10-*Zmillicurie.

This activity corresponds to
(79X 10-” mc) (3.7X107 disintegrations/see/me) =
2.92X10-3 disintegration/see

In 1 hour this l-micron cube would emit about 10.5 beta
particles in all directions (360° geometry).

Carbon-14: The carbon-14 pack carburi.zed iron and steel
samples received about 76 percent of their carbon from the
barium carbonate (for activi~ measurements see appendix
B). The Oak Ridge National Laboratory analysis gave the
specific activity of this compound (BaCOs) to be 0.00912
mc/mg. Refened to the carbon, this specific activity is
0.16 mc/mg.

Two types of stock were carburized-electrolytic iron and
low-carbon steel (SAE 1016). For simplicity the calcula-
tions am confined to the carburized iron samples. In doing
this, the problems of dilution of carbon by that already
premnt in the SKE 1015 stock prior to carburizing is elimi-
nated.

Since 76 percent of the carbon in the iron came from the
barium carbonate, the carbon in the carburized pieces will
have a specfic activity of (0.15)(0.75)=0.1125 mc/mg.
Cementite @’eSC) is 6.68 percent carbon and has a specific
gravity of 7.4 g/ml. A l-micron cube of cementite weighs
7.4X 10-12gram and contains 4.94 X 10-10dligram of car-
bon. The activity of this small cube is (4.94x 10-’0 milli-
gram) (0.1125 mc/mg) (3.7X107 disintegrations/see/me) =2.1
X10+ disintegration/see.

In 1 hour the l-micron cube will emit eight beta particles.
Thus, the cementite has just a little less activity than the
plated nickel (lo.5 disin&grations/hr).

Tungsten-185: A radioactive tungsten rod with specific
nctivi~ of 6 me/g on November 9, 1949, TVaSadded to a melt
of alloy N-155. Sixty-three percent of the tungsten in heat
3 came from this rod. Therefore, the specific activity of
the tungsten in heat 3 was (5 me/g) (63%)=3.15 me/g.

Tungsten carbide (WC) is a very favorable formula to
assume for a high-specific-activity compound. Actually, it
is more likely that the tungsten enters into a complex
carbide, for example, FesW3C. In this latter carbide the
specific activity would be lower than in the case of WC be-
cause of dilution by the iron. Tungsten carbide is 94 weight
percent tungsten and has a density of 16.7 g/ml. The
specitic activity of WC would then be (0.94) (3.15 me/g)=
2.95 me/g.

A l-micron cube of WC will have an activity of: (2.95
me/g) (15.7 g/ml) (10-12ml/micron cube) (3.7X 107 disinte-
grntions/sec/mc) = 1.72X 10+ disintegration/see.

In 1 hour the l-micron cube of WC would emit 6.2 beta
particles.

Thus, on the day of melting a compound, WC would have
only 60 percent of the specific activity found in the nickel

samples, and the situation beccmca more unfavorable for
autoradiography for three reasons:

(1) The tungsten probably does not segregate as WC but
more likely as a @’e, W)EC @pe carbide.

(2) Tungsten-186 has a half life of only 74 days.
(3) In this type of alloy the tungsten concentration

gradient will probably not be so sharp as the gradienti
encountered in the nickeI-plated and the carbu.rizedsamples.
In other words, even though precipitation of a tungaten-
containing compound occurred in the alloy, it is very possible
that there might still be a considerable amount of tungsten
left generally distributed in solid solution.

In the nickel sample there waa 100 percent partition; that
is, all of the actiyi~ was in the nickel plate and none was
in the platinum or silver. Ii the carburizkd pieces, the iron
carbide contained 6.68 percent carbon while the alpha iron
matrix contained 1ss.sthan 0.01 percent carbon; thus there
was a partition factor of at least 6.68/0.01 or 668.

Assume the formation of a compound F%WaC, which is
75 weight percent tungsten. The total tungsten in the alloy
is 2 percent, and, if half of this tungsten enters this compound
formation, the resulting partition factor would be 75/1, or
75 compared with the factor of at least 668 for the carburized
iron.

SPECIPICACllVYr.YREQUIREM-

The following section is a short discussion of the specific
activity and volume requirements for the detection of segre-
gation in metals. There are several types of segregation
which might be encountered in metshrgical studies: (1)
grain-boundary segregation, that is, the concentration of a
particular element in the grain-boundary region; (2) small
precipitate particles which could be less than a cubic micron
in volume, and (3) large precipitate particles.

All three of these conditions have been studied, or at least
simulated for study, in this investigation. The nickel-
plated platinum specimens are similar to grain boundaries
in that the active source is a sheetlike iigure, essentially
two-dimensional. The N–155 alloy investigation using
tungsten-186 was ‘an example of -e (2), in which a very
finely divided precipitate was studied. The mrburized iron
and steel samples gave specimens of case (3). The electro-
lytic iron carburized in what is called an “abnormal” fashion,
producing large cementite islands although it was carburized
in the same manner as the steel which came out a coarse
pearlitic structure.

The investigation of a finely dispersed phase is the most
diilicult for three reasons:

(1) Unless there is a very high specific activity, any
given precipitate particle will have a low number of dis-
integrations for a reasonable exposure. Note the activities
calculated for the nickel-63 and carbon-14 samples. The
actitity is only 8 to 10 disintegrations/hr/micron3. of these
8 to 10 disintegrations perhaps 3 will be in the proper direc-
tion so as to registar in the detecting iihn, and, furthermore,
experience indicates that the eflicien~ of the detecting
silver bromide film is of the order of only 1 to 10 percent.
This means that, for every 100 beta particles passing into
the photographic film, only 1 to 10 developed silver grains
will be produced.
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(2) Fine precipitates will, in general, require the highest
resolution detecting scheme since the small particles will
probably be closely spaced. A distance of a few- microns
or less between precipitate islands is not unusual.

(3) The fact that a he dispersion of active sources exists
results in a high probability of serious subsurface interfer-
ence. In a high-resolution detecting layer, the sourcka at
the sample surface will produce well-defined imagea while
the subsurface sources would produce diilum images. A
low-resolution detecting layer wotid not indicate any
appreciable difference between these two conditions.

A rough approximation of the possible speci.ik activity
requirements for successful autmadiography of fiely dis-
pemd phases follows:

A&3umptions: “
l-micron-cube particle tie
1/3 beta particles emitted travel through emulsion
10-percent emulsion efficienq
50,000-second exposure for autoradiograph (14 hours)
2 silver grains/particle needed to deihe the detection

Calculation:
2X3X1O

=0.0012 disintegration/see required of this l-mi-
50,000 cron cube
Compare this with the value actually encountered with

the ni&e1433. A l-micron nickel cube had 0.0029 dis-
integration/see. This is 2.4 times the value calculated on
the basis of the above assumptions, -whichis b say that the
exposure could be reduced to about 5.5 hours and still
obtain suitable detection.

A l-micron cube might still be considered a fairly large
precipitate particle. A cube just visible with an optical
microscope will be about 0.3 micron on a side and the vol-
ume will be 0.027 microns. The above calculation changes
by a factor of 1/0.027 or is multiplied by 37, which is to say
that, while the 0.0012 disintegration/see/precipitate particle
is still required, the actual specific activity of the particile
must be increased 37 times because of its smaller volume.
An activity of 0.0012X37 or 0.0445 -disintegration/see/
micrd would be needed. This is 15 times the activity of
the nickel used.

Two methods exist for compensating for this higher activ-
ity requirement (a) By taking advantage of the integrating
action of the photographic process, the exposure time can be
extended, or (b) it may be possible to obtain radioactive
material with sufficiently high specific activity. Limitations
exist to both of these procedures, however. At the present
time, exposures of greater than 1 day are not generally
possible with the wet-collodion process because of failure of
the thin plastic protective layer. Failure of this layer re-
sults in greatly increased background fog as well as corrosion
of the metxdsample.

The Isotopes Division of the ARC at Oak Ridge, Term.j
is the world’s largest distributor of radioactive isotopes and
its catalog contains many useful items. However, there are
methods for obtaining materials with higher specific activi-

ties than those normally supplied by Oak Ridge. For exam-
ple, one method for obtaining nickel of high epecitic activity
would be to obtain from Oak Ridge stable nickel-62 electro-
magnetically separated from the other naturally ocmrring
stable nickel isotopes. This material would be irradiated
in a high flux nuclear reactor such as the Canadian Uhalk
River pile or the Materials Testing Reactor of Arco, Idaho.
One month in such a reactor would produce a epeciiio
activity of approximately 100 me/g. Two month9 of irradi-
ation would double this value. Compare this with the 8.88
me/g nickel-63 activity supplied by Oak Ridge.

The study of grain-boundary diilusion and segregation
may not require so high specific activity since it is no longer
necessary to have the whole length of the boundary covored
with developed silver grains. In the present investigation
there may be distances of several microns over the radioactive
nickel sheet where no silver grains have been deposited
photographically. However, there is no doubt as to the
location of the activity in these specimens, the length of the
active region being well spotted with silver grains.

If it is sullicient to have 1 silver grain every 6 microns along
such an active region (assumed to be 1 micron wide and 1
micron deep), it is readily seen that a much lower specific
activity is required than when working with dispersed
constituents In the grain-boundary case 1 silver grain
is required for 5 microns 3, while the precipitab requirea
2 grains/micron3, or a ratio of 1:10. This indicdea that
only about one-tenth as much specific activity maybe needed
to investigate a grain-boundary phenomenon as needed in
the disperse-precipitate case.

The most important conclusion to be derived from this
discussion is that, in designing an experiment, an investigator
must insure that material of high enough specifio activity
is used to produce the desired results.

PROCEDURE

This report e-wmtially covers work done to apply wd-
process autoradiography to the study of metals. This
section on experimental procedures haa been divided into
two main phases of the work: (a) Application and dcnwlop-
ment of the wet-process autoradiographic method and (b)
preparation of suitable metallurgical samplea containing
radioactive tracer elements for the application studies.

WET-PROC=AUTORAD1OQBAPRY

Work on the wet-process autoradiographic method was
begun in 1947 by Dr. Henry J. Gomberg at the University
of Michigan. The first description of the technique was
before the American Physical Society in February 1961.
This technique utilizes an adaptation of the wetiollodion
method of photography, popular a century ago. Gomborg’s
work was mainly with biological specimens and was reportod
(ref. 69) to offer a resolution of 1 micron.

Method.—The work on the autordiography of metal
samples to be reported here began in 1949 using the following
technique:
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(1) Metal samples were mounted, polished, and etched
in the usual metallographic fashion.

(2) The mount was dipped in a collodion solution with
tlhofollowing composition:

U. S. P. collodion,~------------------------------------- 16
Absolutaethylalcohol,~--------------------------------- 34
Cadmiumbromide,g-------------------------------------- 0.75
Ammoniumbrotide, g----------------------------------- 0.15

(3) The specimen was dried for 30 seconds and immersed
in the silver nitrate solution of the following composition:

Siivernitmte,g------------------------------------------ 25
DktflMwatir, ~--------------------------------------- 260
SuKutioortitio aoidtipH of----------------------------- 2t03

(4) After rLsuitable autoradiographic exposure in this
silver nitrate solution the sample was developed for about
30 seconds in the following solution:
Vemow8uMati,g---------------------------------------- 3
tipprstiati, g----------------------------------------- 1.6
Acotioacid,~------------------------------------------- 6
Ethylalcohol,~---------------------------------------- 3
DhtUedwaMr,ti--------------------------------------- 90

(6) Thesample was fi~edfor aminute, washed inwater for
a few seconds, and dried. The specimen was then ready
for microscopic emunination.

The purpose ofthis investigation was to adapt the above
procedure for use with metal samples and to evaluate and
improve the method wherever possible. To this end, the
succeeding procedures were followed:

Metnllographic mounting: Metal samples were mounted
in Lucite or Bakelitc cured at various temperatures and
pressures in order to determine whether or not the mounting
medium would have any effect on thephotographic qatem.

Protective layer: Various metal samples were tested with
and without a protective layer to isolate the metal surface
from chemical attack by the solutions. After the need for
such a layer had been determined, many plastic films were
studied as well as vacuum evaporation of silver and gold
layers onto test specimens. The protecting layer should
have minimum thickness (a layer less than 1 micron in
thickness was sought), should be inert to the photographic
system, and should protect the metal substrate from reaction
with the processing chemicals.

Bromide<ollodion solution: The composition of this
solution controIs the thiclmess of the detecting layer and
greatly intluence9 its radiation sensitivity. Changes in the
composition of the collodion solution were studied. E’or
cmrnple, the thickness of the wet-collodion layer was
reduced by diluting the solution with alcohol. Photographic
sensitizers (organic and inorgatic) were studied, as was a
chrmge in the pH of the solution (by additions of alcoholic
acetic acid and ammonium hydroxide).

Silver nitrate solution: With the exception of he addition
of bromide to saturate this solution with silver bromide, no
changes were made in the composition of this solution after
Gombcq$s recommendation (ref. 69) to use the sulfuric acid

addition to a pH of 2.5. The temperature of this solution
waa varied from room temperature to 1° C.

Warmup solution: Subsequent to the beginning of this
investigation, Gomberg (ref. 69) recommended the use of a
room-temperature warmup solution between the refrigerated
silver nitrate exposing solution and the room-temperature
developing solution. The need for such a solution was
evaluated when using metallurgical sampl~.

Developer: The developing solution described earlier in
this section was suggested decades ago by Eder (ref. 70).
Many experiments were performed in varying the developer
composition, temperature, and time.

STANDARDRADIOA~ SAMPLEPREPARATION

In order to evaluate wet-process autoradiography properly
it was necessary to prepare standard radioactive metallo-
graphic samples with known activity distribution.

Carbon-14.-Iron and steel samples pack carburized with
radioactive carbon-14 were prepared as standards since the
iron-carbon phase diagram is well known. The carbon is
favorably dispersed into the cementite phase leaving only a
very small amount of activi@ in the alpha iron phase.

Nickel-6S.—Platinum foil and silver metal were electro-
plated with radioactive nickel-63. Since the location of the
nickel in these samples was easily detected microscopically,
there was no question as to the location of the radioactivity.
A silver-nickel powder mixture containing the radioactive
nickel was also prepared for the same purpose.

Copper-84,-An alloy of 5 percent copper in antimony
was prepared using radioactive copper from a cyclotron
probe (deutemn irradiation of copper). The phase diagram
(ref. 71) indicatm that the copper should be segregated as
the compound CuSb leaving less than 0.2 percent copper in
the antimony phase.

Tungsten-185,-Radioactive tungsten-185 was incorpo-
rateed into two heats of alloy N–155. These materials were
not used aa standard samples since the distribution of the
tungsten was 11.nlmown. This alloy was investigated bristly
to obtain autoradiographic evidence for tungsten segregation.

PREPARATIONOF RADIOAOITVESAMPLES

There are a large number of di.flerent methods for pre-
paring alloys containing radioactive isotopes. Each method
has its own advantages and disadvantages. A few of these
techniques will be found in the following list:

(1) Addition of a radioactive constituent to a melt: This
method was used for preparation of the tungsten-185 in
N-155 alloy and also the copper-64 in copper-antimony alloy.

(2) Electroplating the active element: Samples with
nickel-63 plated on silver or platinum were prepared in
this manner.

(3) Gas reaction: The pack carburizing with carbon-14 to
be described latez is in reality a gas reaction (ref. 72).

(4) Vacuum evaporation of the active constituent onto Q
sample (refs. 73 to 76).
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FIGURE-L-Cylindricalsteelcarburizingcapsule.

(5) In situ irradiation, for emu-nple,in a nuclear pile or
particle accelerator (refs. 20, 23, 29, 30, 31, 32, 39, and 52).

(6) Electrochemical exchange (refs. 33 to 37 and 77).
(7) Gas activation (ref. 78): This is diiferent from method

(3) and more like m@hod (6) in that the radioactive gas
deposits selectively on certain constituents of the sample
surface (used so far only on nonmetallic surface9).

(S) Chemical reactions such as silvering or nickel plating
by chemical reduction (refs. 79, 80, and 81).

(9) Metal powder mixtures: A silver-nickel mixture
containing nickel-63 was prepared as a standard source for
this investigation.

The detailed methods used to prepare radioactive metal-
lurgical samples for this investigation follow:

CARBON-id
Samples were carburized with radioactive carbon-14 in

the manner described by Stanley (ref. 72), the main diilerence
being pack composition. The senled carburizing bomb used
in this investigation is shown in figure 4.

It was desirable to obtain a high spdc activity in the
cnrburized pieces. Because the carbon-14 was limited to
the barium carbonate in the carburizing compound, the usual
pack composition of about 10 weight percent barium car-
bonate and 90 percent charcoal was changed to equimolar
parts of carbon in each of the constituents to iucrwse the
mtio of active to inactive carbon. The carburizing pack
composition is given in table II. The barium carbonate
powder (containing the radioactive carbon) was w’ed exactly
as received horn Oak Ridge. The charcoal was Eimer and
Amend “activated charcoal” which was ground to –60 mesh
find dried in an oven at 110° C. These two powders were
well tied before addition to the bomb.

The three pieces of carburizing stock consisted of:
(a) SAE 1015steel,g------------------------------------- 2290
(b) Electrolyticiron,g----------------------------------- O.007
(c) Electrolytic.iron,g----------------------------------- O.721

Totil--------------------------------------------- 3.018

All pieces were approximately %inch in diameter and woro
spaced in the bomb mvity with short pieces of O.OSO-inch
bare copper wire. A copper disk was used to seal the cavity
and the inner walls of the capsule were coppm plated to
eliminate carburizing of the bomb.

After loading, the capsule was sealed and welded tight so
that there would be no loss of mdioactivity to the atrnosphero
during the carburizing operation.

The capsule -wasplaced in a ceramic tube electric furnace
at room temperature. Tank nitrogen was passed through
the tube to minimize oxidation of the bomb. The furnace
was up to carburizing temperature (1,700” l?) in 6 hours.
This temperature was maintained for 60 hours. Tho temper-
ature was then reduced to about 1,300° 1’ for 24 hours in
order to produce fairly massive cementite particles by par-
tially spheroidizing the cementite. After this spheroidizing
treatment the current was cut off and the bomb furnaco
cooled.

A blank ran indicated that no gas pressure built up in the
bomb. In spite of this, however, precautions against con-
ttiation from the mdioactivity in the bomb were taken.
A small hole (% inch) was drilled through the wall into the
cavity.

The piecw were fially removed from the capsule, washed
in a gentle water stream to remove loose pack powder, dried,
and mounted in Bakelite with control pieces of uncarburizecl
stock materials.

NICEEL-6S

Ptied nickel chloride solution, with the following specifi-
cations, was received from the Isotopes Division of the AEC:
Specificactivity(nickel-63)-------- 8.88me/gnickelor 0.182me/ml
Impuri@ (cobal&60)------------------------------- 0.003me/ml

The main reason for preparing samples with nickel-63
was the desirable quality of radiation from that isotope,
namely, a low-energy beta particle without gamma emission.
Cobalt-60 contamination ma highly undeaimble because of
the emission of gamma rays and more energetic beta particles
as was shown in table I.

Since a pure beta source was desired, the cobalt was
removed from solution by a chemical retraction (see appenclis
A). The extraction eiliciency is indicated in table III, a
double extraction electively removing “all” of tho cobalt.

Various nickel-plated samples were prepared, some on
platinum, others on silver. In several cnsw silver ma
plated on top of the mdioactive nickel plate. This was done
for two reasons: (a) To reduce subsurface radiation from the
side of a deep specimen and (b) so that the active nickel
would not be at the very edge of the metal sample (the most
unfavorable position as far as obtaining the best
autoradiogmphs).

A standard silver cyanide solution was used for the silver
plating.
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To prepare a mount for testing resolution in the range of
10microns, CLstrip of platinum foil 10 to 15 microns thick was
nickel plated, then silver plated. This piece was mo~ted
on edge in Bakelite so that, when polished, the edges of two
thin radioactive nickel sheets separated by a thicker sheet
(10 to 15 microns) of platinum could be viewed micro-
scopically. The whole sandwich was Ag-Ni-Pt-Ni-Ag, the
silver being plated for reasona mentioned.

Other nickel-63 samplea were prepared by plating on
silver wira and then viewed as either transverse or
longitudinal sections of the wire.

A powder mixture was prepaxed by mhing approximately
0.02 gram of radioactive nickel powder with 1 gram of silver
powder. The nickel powder was received from the AJ3C at
Oak Ridge (catalog item Ni-63-1) and contained a large
amount of cobalt-60 radiation which was not removed for
this test. The mixed powders were placed in a mold of 12-
millimeter diameter and pressed in an 80-ton hand-operated
press at room temperature. Siuce the pressed material
contained voids, it was melted for a short time over a labora-
tory gas burner to produce a sound specimen.

COPPER+

Several copper alloys were prepared with deuteron-
activated copper. This copper was obtained as a cyclotmm
probe and was irradiated for 30 minutes at 50 microampere
in the University of Michigan cyclotron.

The alloys were prepared by adding the copper to anti-
mony and melting over a gas burner. A typical composition
was 5 percent copper in 95 percent antimony.

TUNGSTEN-186

A standard composition low-carbon N–155 type of alloy
was prepared using radioactive tungsten. The active tung-
sten was obtained by a l-month pile irradiation at Oak
Ridge of 6.856 grams of tungsten rod of spectrographically
known purity. This tungsten was added to a molten charge
of an alloy which was standard N–155 except for being low
in tungsten.

Following the active tungsbm addition, the melt should
have had appro.sinmtely the following composition in per-
cent by weight:
C~rotium---------------------------------------------- 21
~bNt -------------------------------------------------- 21
Niokol-------------------------------------------------- 21
Molybdonm-------------------------------------------- 3
Tun@tin----------------------------------------------- 2
Niobium------------------------------------------------ I
hfmganw ---------------------------------------------- L 7
Silicon-------------------------------------------------- O.8
Carbon------------------------------------------------- O.15
Nitmwn------------------------------------------------ O.15
Iron-------------------------------------------------- Balance

The total charge was 545 grams, the total tungsten,
therefore, weighing 0.02 x 545 or 10.9 grams. Of this
fimount of total tungsten, 6.856/10.9 or 63 percent came
from the activated rod.

Melting was carried out in an induction furnace under an
a~haust hood to remove any volatilized radioactivity. The
melt was cast in a sand mold onto a steel chill block. Heat
3 had the desired composition. During the cooling period

in the sand mold, about half of heat 3 spilled out and WLQ
remelted with added standard N–156 alloy. This was
poured as before and was termed hmt 4. Baaed on radio-
activity counts, heat 3 had approximately twice the apeciiic
activity of heat 4.

Samples were t&en of this as-cast material and both
heats were forged from l~inch cylinders to $&inch rods.
The forged stock was given various heat treatments, in-
cluding solution treatment at 2,200° F for 1 hour followed
by aging at 1,400° and 1,600° F for 24 to 1,000 hours. One
sample, after solution treatment, was cold-worked, then
aged 100 hours at 1,600° F. The work consisted of rolling
a %-inchdiameter rod down to a strip % by % inch in crow
section. The purpose of this cold-working-aging treatment
waa to spheroidize the precipitating particles.

The original irradiated tungsten rod had an approsirnate
activity of 48 mil.licuries of tungsten-185 when removed
from the Oak Ridge reactor on October 3, 1949. Melting
was performed on November 9, 1949, at which time the
total activity was 34.4 millicuries, and the specific activity
of heat 3 should have been 34.4 me/645 g or 0.063 me/g.
Jones (refs. 25 and 26) used tungsten-185 activities of 0.1
to 1.0 me/g and autoradiographic exposures on Kodalith
emulsion of 75 hours.

RESULTS

This invest@at.ion was carried out to adapt wet-process
auteradiography to metallurgical sample to obtain high
resolution of segregated radioactive elements in micro-
structure. The results are confined to the development of
the technique. No data were obtained which utilized
autoradiography to obtain metallurgical information.

ILLUSTRATIVE1%’&r.PROCHISAUTORADIOGRAPHYU~G IRON
CARBURIZBD~ CARBON-14

Photomicrographs are shown in figures 5, 6, and 7 to
illustrate the adaptation of wet+process autoradiography to
metallurgical specimens.

Spheroidized FesC containing carbon-14 gave the aute-
radiograph shown in figure 5. l%ad.iationfrom a fairly mrw-
sive particle of l?e~C (fig. 5(a)) caused silver grains to be
developed in the emulsion directly over it (figs. 5(b) and
5(c)). The microstructure of the metal can be seen through
the autoradiograph. The developed silver grains were cen-
tered well enough over the F~C particle to indicate that the
cementite was the sourca of the radioactivity. Focusing on
the silver grains in the emulsion leaves the metal structure
slightly out of focus (fig. 6(b)), while focusing on the metal
structure leave9 the silver grains slightly out of focus at
1,000X magnification.

Another field of the carburized and spheroidized iron is
shown by figure 6. The degree to which the developed silver
in the autoradiograph and the underlying microstructure can
be seen is clearly illustrated in figure 6(a) at 250x magni&a-
tion. Polarized light can be used to show the developed
silver grains as white particles in a dark field (fig. 6(b)).
similar photoemphs at 1,000x magnihation in figures 6(c)
and 6(d) were taken to show the degree of resolution obtain-
able. The two F~C particles were about 25 microns apart
and it is obvious that they could have been resolved at con-
siderably leas separation.
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(a) Baremetal, picral etch.
@) Automdiogmpb- Focus is on silver crystals in collodion emulsion.

(c) Automdiogmph. Focus is on iron-cementite surface.

Fmmm 5.—Jficmstructuie rind autoradiographs of electrolytic iron
carburized with carbon-14. Collodion type AX. l-hour exposure.
1,000X.
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An example of

AERONAUTS

the autoradiographic process applied to n
finer structure is shown in iigure 7. The l?e@ in the carlm-
rized 1015 steel wcs in the form of penrlite (fig. 7(a)). Tho
autoradiogmph (fig. 7(b)) clearly outlined the pearlite grains
but did not separate the I?%C lamella in the pearlite. Pol-
arized illumination for figure 7(b). shows the silver grains
independently of the underlying sample microstructure.
There is no indication that the silver grains have revealed
any iine structure in the pearlite pattern.

Table IV gives the compositions of the various collodion
solutions used in prepming the autcradiographs.

DEGREEOFRRSOLIITION

A considerable amount of effort was devoted to increasing
the resolution of the wet-prow-s autoradiographs as applied
to metallurgical samples. Figure 8 illustrates the degreo of
success achieved provided a number of prmautions covered
in subsequent sections are observed.

A specimen was prepared by plating platinum foil 16
microti thick with radioactive nickel-63 to a thickness of
about 2 microns. A thin layer of silver was in turn plated
on the nickel. An autoradiograph of the cross section of
the sample is shown with bright field illumination in figures
8(a) and 8(c). The nickel-63 is the light gray band new
the edge of the metal specimen.

The silver grains in the emulsion which developed as n
result of the radiation horn the nickel plates follow the
nickel plates very closely. The developed silver grains aro
shown alone by polarized illumination in figures S(b) and
8(d) .

Consideration of these photographs shows that the sep-
aration of the nickel plates could have been reduced by half
and still have been resolved by this system of autoradiog-
raphy. Thus, the demonstrated resolution is 7 microns,

METALLOGRUHICMOUNTIN~

The usual metallographic metal-in-Bakelite mount was
prepared. Since there is some indication that Lucite mounts
may cause photographic fog, this material was not used.
No attempt was made to use colored Bakelitea or other
mounting materials.

Curing the Bakelite at 4,000 psi and 120° C apparently
left some component in the Bakelite mount whioh could re-
act with the photographic emulsions to produce an undesir-
able background fog. Curing at final prwsures of from
5,000 to 8,000 psi at temperatures near 150° U olhn.inated
that problem.

Successful automdiographs have been prepared of radio-
active specimens of less than 1 mmz and up to 1 cmz. Ap-
parently there areno serioussize or arearestrictions, although
for convenience in metallographic and photographic proces-
sing all specimens used in this investigation were mounted
in 1- to 1Z-inch-diameter mo~t~.

The method for handling these specimens with tongs or
forceps for the autcradiographic processing is shown in figure
9. The mounts were gripped at the side with forceps so that
the collodion iilm on the face of the specimen was left un-
disturbed.
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l?raurm &-Autoradiographs of electrolytic iron carburized with oarbon-14. Collodion type BB. O-hour exposure.

It is important in preparing the mount to end up with as
planar a surface as possible. There should be a minimum
of pitting or cracking in the metal surface and also the metal-
13akeliteinterfaco should be quite smooth. The reason for
this requirement is mainly so that a continuous protective
plastic layer can be formed over the whole surface. A
rough surface could cause tearing or thiming out of this
layer and result in extensive chemical action between the
metallic specimen and the photographic chemioals.

The sample may or may not be etched. In most of the
work reported here, the ferrous samples were etched with
picral and the platinum-nickel sampleawere not etched.

Yagoda (ref. 82) has pointed out the possible undeaira-
bihty of etching metal samplea which are to be studied

autoradiographicfdly. His argument is that, if any cracks
me present, the etch acid might be retained and subse-
quently liberate hydrogen stide horn the included suliidcs,
as in the sdfur print method. This gas would react ~th
the silver halide to form silver sulfide -which is insoluble in
the fixing solution. Yagoda therefore recommends rinsing
etched samples with dilute ammonium hydroxide and drying
thoroughly before making contact with a photographic
emulsion.

A second possible trouble encountered as a result of etch-
ing metal samples might be the redistribution of minute
traces of aertain elements due to electrochemical action.
Yagoda describes how, in the etching of pitchblende sections
with nitric acid, radioactive polonium is caused to deposit
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(a) Bars metal, picral etob.

FIGURE7 —Microstructure and autoradiograph of 1015 steel carburized

(b) L-84835]

(b) Autoradiograph,polarizedillumination.

on metallic siIver inclusions. Thus, the silver is coated
with polonium which produw considerable film blacken@
when the sample is autoradiographed.

Sinca it is all too easy to obtain pseudophotograpbic effects
in the autoradiograph, the use of a control (nonradioactive)
metal sample is strongly recommended. This control
should be physically similar to the radioactive sample and
preferably placed in the same Bakelite mount so as to receive
nearly identicd treatment.

In reality, the control can serve two functions. It will
show up the presence of artifacts in the emulsion, such as
might be produced by strain in the emtilon or by chemical
interaction with the metal specimen Secondly, the “auto-

with carbon-14. Collodion type BB. 13-hour exposure. 600X.

radiograph” on the control should consist of background fog
only. Thus, the investigator can determine the fog love]
somewhat away from the radioactive sample. lt frequmtly
happens that a fairly large number of silver grains am mm
over the radioactive sample, but it is questionable if tlmy
were caused by radiation or are fog grains. A control speci-
men should answer such questions.

PROTECTIVE LAYER

Preliminary studies indicated the need for a protoctivo
layer on all metal samples tested. In the absence of such
a layer, severe corrosion usudy took place since tho samples
were immersed in a silver nitrate-dilub-ncid solution for tlm
autoradiographic exposure.
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Samples of steel and brass were prepared in metdlographic
mounts for testing the various plastic materials under con-
sideration as protective fllrns. Testing was performed as
follows :

(1) A mounted sample was dipped in a solution of the
test coating material, allowed
slightly to remove solvents.

(2) The coated sample was
silver nitrate solution.

to dry, and frequently he@ed

then immersed in an acidiiied

-on-thiok collodion. Collodion type AX. 2-hour esposum.

(3) After a period of several hours to a day, the sample
was e.stied for signs of chemical action. This experiment
would indicate whether the coating material under test would
satisfactorily eliminate chemical aotion durixg exposure for
autora&ography.

(4) Materials which passed this test were mmt examined
for photographic activi~ by preparhg another mount,
coating with the test materiaI as before, but now applying
the bromidwcdlodion solution, and in the dark immersing
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(a) Radioactivesample just removed from collodion 8olution, drying
on absorbent paper.

(b) sample in silver nitrate solution for automdiogmph exposure.

Fmmm 9.—Manipulntion of radioactive sample in wet autoradb
gmphio proces.

in silver nitrate solution for several hours. This sample was
developed @st like an autcn-adiograph. Some of these
samples came out badly fogged, in the absence of radiation,
because of some action of the plastic on the phdtqgraphic
process.

COMWIT’RE FOR AERONAUTICS

(5) Materials which passed this photographic test were
finally thinned down to give a layer 1 to 2-r&rons in thick-
ness and tested again for impermeability.
‘ The following list gives the materials examined:

Tmaoname

Alvar--_-------.--
Arotlint-131--------
Formvar----------.
Geon--------------

Luoite-------------
Pamws---_-------

Parlon-------------

Samn,F–120
1,000ops---------
200cps----------

Siicones
Dow =-15
G. E. NO.9980---
Dry-fdm9987

styron--_----------
Teflon-------------
ViiylitevMCH----

ViiylitevYDR----

vinylit8vYHH_---

Vinylite VYNS -----

Ohomkalname

Polyvinyl a6etaL-------
Phenolic type rcx+in-----
Polyvinyl formal -------
Vinyl vinylidene ohlo-

ride.
Polymethylmethrwrylate-
Paratlin---------------

Chlorinated rubber -----
Polyethylene -----------

Vinylidene ohloride- ----
Vinylidene ohloride -----

Polystyrene -----------
Tetralluorethylene rcdn-
Vinyl ohloride, 87 per-

cent.
Vinyl acetate, 12 per-

Oent.
Maleic acid, 1 percent
Vinyl chloride, 95 per-

cent.
Vinyl acetate. 5 peroent-
Vinyl chloride, 87 per-

cent.
Vbyl aoetatq 13 per-

cent.
Vinyl obloride, 90 per-

Solvontmod
Alcohol

Ethyleno diohlorido
Toluene or MINI u

Toluene
Toluene, or hot

with no solvont
Tolueno or MIIII
Warm tolueno

MEK
MEK

Toluene

Toluene - .
Aqueous dlsperaion
MXK

Cyoloh6xanone

Mlm

MEK
cent.

Vinyl aoetate, 10 per-
cent.

~MEKIsnuthylethrlketono.

In addition to the plastic materials tested, gold rmd silver
films were vacuum evaporated onto test specimens. Used
without additional protection, these noble metal fihns coumd
a high background fog level. The formation of fog in tho
presence of the silver illm is readily explained by the bulk
silver metal (in the film) nucleating silver deposition in the
development reaction. Since gold has a very similar crystal
structure, it doubtless acts in the same manner. In ordor to
use these metal flms it was necessary to overcoat with a
plastic layer. No study was made to determim if this
plastic layer could be used thinner than in the absence of tho
metfd Iilm.

Thus, far, no protective layer haa been superior to n
Vinylite fi. The best protection is provided by the 90:10
copolymer of tiyl chloride and vinyl acetate (Wnylite
VYNS, manufactured by the Bakelite Corp.). This copoly-
mer powder is dissolved in methyl ethly ketone aa a 1-to 10-
percent solution. The solution most frequently umd in this
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hwestigrkion was 2 grams of TTNS in 100 milliliter of
solvent. A single layer of this material provides a fi
npproximrdely 1 micron in thickness which will protect a
steel sample for an mposure of up to 1 day. A method for
measuring this plastic layer thickness utilizing beta-ray
nhsorption is given in appendix C.

The recommended technique is as follows: The Bakelite
mettdlgraphicmount, clean and dry, is dipped into the plastic
solution and allowed to drain and dry vertically for a few
minutea at room tempemture. The iilm is then baked under
a heat lamp or in an oven at temperatures horn 70° to 200°
C. Usually around 100° C for 30 to 60 minutes produces a
Sclt’isfnctoryflhn. The sample is then cooled to room tem-
perature and is ready for photographic processing.

AUTORADIOGRAPHIC PROClM9 VARIARLES

The chemical and physical variables involved in the
preparation, exposure, and development of the radiation-
scnsitive layer all influence the quality of the &al autoradio-
graph. The investigation of these factors was carried out
mainly with the carbon-14-containing samples. These
samples were less prone to corrosion than the nickel-63
plated samples and gave suitable results with exposures of
several hours.

Preparation of radiation-sensitive layer.—The composi-
tions of several collodion solutions used in this investigation
oro given in table IV. The two variables controlled by the
composition are (1) the thickness of the layer and (2) its
radiation sensitivity.

Collodion film thickness: The degree of resolution in-
creases as the thiclmess of the collodion layer is reduced,
because of the reduction in the cone of radiation intersected
by the radiation-smsitive silver bromide in the collodion.
Using present techniques, the lower limit for collodion film
thickness is about 3 microns. Thinner iilms have insticient
mechanical strength to be applied satisfactorily to the
metdhwghxd mounts.

At the time this work was begun, 16 milliliters of U. S. l?.
collodion diluted with 34 milliliters of alcohol appeared the
most promising on the basis of Gomberg’s original work
(ref. 69). This resulted in the w-et collodion layers being
more than 10 microns thick. The resolution of the resulting
uutordiographs was about 30 microns as is shown by the
photographs of the nickel-63 and platinum foil in @ure 10.

The collodion layer thickness is varied by changing the
amount of U. S. P. collodion added to the solution. Flexible
collodion conttig camphor should not be used. By re-
ducing the collodion addition to 4 to 8 milliliters of U. S. P.
collodion in 50 milliliters of solution, wet collodion layem
approximately 4 microns thick were obtained. Thickness
measurements were made focusing through the film by
changing the calibrated fine focus of a microscope. Al-
though measurements on these wet layers are diilicuh$to
obtain, th?y did indicate that the thickness of the collodion

(a) Bright illumination.
(b) Polarized illumination.

FIGURE 10.—Autoradiograph of nickel-63 plated on platinum using
N3-micron-thiok collodion. Collodion type ATT. 2-hour e.sposure.
250X.

layer was between 3 and 5 microns when 4 to 8 milliliters
of U.S. P. collodion was used (types AX and AZ, table IV).
The resolution obtainable with collodion types AZ and AX
appears to be comparable as measured on the mburized
specimens.

Attempts to use still thinner solutions (1 or 2 milliliters
of ccllodion in 50 milliliters of solution) were not successful.
Apparently there is insticient collodion to bind the silver
salts in placa. Even the collodion type AZ, which contains
4 milliliters of collodion in 50 milliliter of solution, is some-
what more diflicult to use than the solutions containing
more collodion.

4190’72-Lf743
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(a) Brightillumination.

(b) Polarizedillumination.
Fxcwaz11.—Aut.oradiographof wubon-14in ironusing5-micron-thick

collodion. CollodiontypeAZ. 4.6-hour~osuro. 250X.

Although collodion type AZ (4 milliliter) is probably
actually somewhat thinner than type M (8 milliliters),
there appears to be not enough diiTerenceto warrant using
&Z, which is more diflicult to apply satisfactorily, except in
those cases where highest resolution is sought. An auto-
radiograph prepared with collodion AZ is shown in figure 11.

Factors tiecting radiation sensitivity: The radiation-
sensitive substance is the silver halide -whichforms when the
sample with its collodion film is immersed in a silver nitrate
solution. Since the vmious silver compounds do not have

the same sensitivity to radiation, it is presumably possible
to exert some control over the sensitivity of the deteohing
layer by changing the composition of the saltsin the collodion.

Theoretically, a perfect silver bromide crystal is a very
poor radiation detector. The sensitivity of the silver bro-
mide crystals in these collodion layers is due to crystal
imperfections and to trapped impuritiw such as cadmium
ions. It should be possible to improve the sensitivity of these
crptals by proper additions of other “impurities” which may
be either organic or inorganic sensitizers. Both of them
approaches have been tried with no noticeable improvmmnt
to data.

The organic sensitizer suggested by Jenny (ref. 83) had
no apparent influence on the radiation sensitivity of this
process.

Extensive work was done to introduce sulfide “sensitivity
specks” titc the silver bromide lattice. It is believed thmt
the presence of suliide in most commercial photographic
emtilons greatly influences the radiation sensitivity.

Preliminary investigations using suliide (added to the
collodion solution as alcoholic ammonium sulfide) were quito
favorable. Unfortunately, the results have proved to be
unreproducible and stide is no longer added to the collodion,

Additions of alcoholic ammonium hydroxide and acetic
acid to the collodion had no apparent influence on radiation
sensitivity. These additions were made to a collodion solu-
tion containing only ammonium bromide, since tho am-
monium hydroxide additions to a collodion containing cad-
mium bromide resulted in the formation of a precipitate,
presumably cadmium hydroxide.

Mees (ref. 62) has stated that all (commercial) negative
emulsions contain some iodide, the amount varying from
near zero to about 10 percent of the silver bromide present.
Teltmv (ref. 84) comments that the mechanism underlying
the eilect of the iodide does not yet seem to hove been
elucidated and further investigation is desirable. In a very
rough way, however, one may suppose that the presence of
a small amount of the large iodide ion expands the silver
bromide crystal lattice, lowering the binding energy of tho
silver, and, hence, increasing emulsion sensitivity.

The influence of iodide additions to the collodion is il-
lustrated in figures 12 to 14. The bromide collodion (typo
AW) was used to produce the autoradiogmphs in figure 12
to show the relatively large amount of silver rendorwl de-
velopable. Collodion BK (5 mol percent iodide) produced
the autoradiographs in figure 13 showing the negligible effect
of the addition of 5 mol percent iodide tc the bromide.
Collodion BL (5o mol percent iodide) produced the mto-
radiograph in iigu.re14. The poor response of collodion BL
could be due either to the inherent low radiation sensitivity
of the silver iodide or possibly to the re-solution of the
silver iodide crystals into the silver nitrate solution leaving

.
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Fmmm 12.—Autoradiographs of c-arbon-14 in iron using bromide collodion. Collodion type A’iV. l-hour exposure.

only a small number of silver bromide crystals. It has been
observed many times that silver iodide is much more soluble
than silver bromide in this silver nitrate solution.

From the limited work done, it would appear as though
the bromide solution performed as well as any. Extensive
qurmtitative work, measuring the silver grain count versus
number of beta disintegrations, would be required accurately
to evaluate each collodion-solution composition.

Salt content of collodion solution: The amount of bromide

salts present in these solutions is apparently not critical.
Collodion BB, which was diluted in collodion but full strength
in salts, produced the autoradiographs shown in figures 6
and 15. These two @ures can be used to compare results
obtained yith a rather heavy exposure (lo.5 hours, fig. 15)
and a lighter exposure (6 houm, fig. 6).

It is likely that, for a given amount of salts present, an
increase in the collodion layer thiclmess would result in de-
creaaed radiation sensitivity. For this reason a collodion
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(a) Bright illumination. 250X.
(b) Polarized illumination. 250X.

(o) Foous on silver grafna. 1,000X.
(d) Fooua on metal surface. 1,000X.

FIGURD13.—Autoradiograph of oarbon-14 in iron using odlodion containing 5 mol percent iodide. Collodiontype BK l-hour oxposuro.

of the type BB should be the most sensitive of those listed
in tuble IV since it contains the highest ratio of bromide to
collodion. The efkt of collodion layer thickness on radia-
tion sensitivi@ was not studied in this investigation.

In use, collodion BB will contain 88 weight percent silver
bromide in the dried ti This comparw with about 82
weight percent for total silver halides (bromide and iodide)
in Eastnxm NTB nuclear-type emulsion, also messured on
a dry bssis.

Silver halide coverage: It is necessary thrk tlm silver
bromide cover the radioactive sample m completely aa pos-
sible in order to get maximum radiation activation of tho
sensitive layer. To show the extent of the silver hcdide
coverage, a mount was prepsxed as usuril, immersed for 1
hour in the silver nitrate solution, and then merely vmshed
and photographed. The result of this test is indicntad in
iigure 16. The white grains in this figure are silver bromide
crystals and it is noted that the sample coverage is exccdlent.
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Ccllodion drying time: In order to “set up” the collodion
Elm on the metallographic mounts, it is necrsmry ~tcair-dry
the film for about 30 seconds before immersiug in: the silver
nitrate solution. The technique usually followed was to dip
the mount into the cold (2° C) collodion solution for about
5 seconds and then place the mount vertically on a paper
towel for the 30 seconds to allow the excess solution to drain
off and the film partirdly to harden on the mount (see fig. 9).
If insticient time is allowed for this drying operation, the
film will be too fluid and will tend to peel or flow off when
placed in the silver solution. If the drying time is extended
too long, the film will be too hard and will have unsuitable
permeability for the silver ions and the developing solution.
Autoradiographs which are prepared with improper cdlodion
-g time are charactertied by agglomerated silver grains
in the developed image as seen in figure 17 for a sample which
had been dried for 45 seconds.

The thinner the collodion solution, the greater is the care
which must be taken to form satisfactory ihs. A thick
collodion (AW, table IV) produced a satisfactory f.hn on a
metallographic mount when the drying time was between 25
and 40 seconds. Thirty seconds was the drying time most
often used. The thinner ccllodiona (e. g., AZ and BB) are
more d.iflicult to use. Tests were conducted using clean
microscope slides dipped in the collodions, dried for various
times, and then immersed in silver nitrate. These slides
were light exposed before development in order to be able to
view the location and quality of the remaining silver.

O**”’. \ I The results of these tests indicated that the usable area,

tb) ‘ .. . .. -—.. . L~.848.4<

(n) Focuson silvergrains.
(b) Foouson metalsurface.

FIQum 14.—Autoradfographof carbon-14in iron using collodion
containing50 mol percent iodide. Collodiontype BL. l-hour
mpasuro. 1,000X.

Howevw, this photomicrograph was taken when the col-
lodion film had dried down to a thiclmess of about 1 micron.
Wlmn the exposure to the silver nitrate solution was taking
place, the lilm was probably 10 microns thick.

Before leaving figure 16, it should be noted that the silver
bromido grain size is very small, just about on the resolution
limit of this optical microscope (about 0.2 micron).

produced by proper drying of the collodion films, increased
as the thickness of the collodion layer increased. I?or a
given co~odion, an increase in drying time displacea the
usable area downward (referring to the drying position).
It is concluded from these tests, as well as from extensive
experience with the usual 1- or lti-inch metallographic
mounts, that a drying time of 25 to 30 seconds is generally
suitable. l?or other specimens, such as might be mounted
on a 1- by 3-inch microscope slide, a d.ifferantdrying time
might be better, depending on the position of the sample on
the slide.

The optimum drying time is doubtless a function also of
the collodion solution temperature (usually 2° C), the room
temperature (20° to 25° C), the amount of aggtation in air
while drying (kept to a minimum), and the composition of
the collodion solution. No attempt was made to change
the type of solvent used in this solution. It may, however,
be possible to prepare still thinner cdlodion layers by using
solvents which evaporate more slowly such as the higher
alcohols (propyl, butyl, etc.).
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(a) Bare metal, picral etoh. 250X.

(b) Autoradiograph, bright illumination. 250X.
(o) Aut.oradiograp& polarked illumination. 250X.

(d) Autoradiograph, polarized illumination. 1,000X.
FIGURE 15.—Micmstruoture and autcrradiographs of carbon-14 in iron using fkmicron-thiok oollodion. Collodion type BB. 10&hour exposure,

The main resson for storing the collodion solution cold wcs
h minimize solvent evaporation. For the use of mllodion
at room temperature, see the section on silver nitrate which
follows.

Silver nitrate solution.-To form the radiation-sensitive
silver bromide, the sample when coated with bromide-
colIodion solution is immersed in a 10-percent sihr nhate

solution. This solution is acidified with sulfuric acid to a
pH of 2.6 in order to produce acceptable radiation response
and fog control.

Temperature control: Since the aut.oradiogmphic exposure
takea place with the sample immersed in this silver nitrate
solution, the temperature is very important in controlling
response and fog. Gomberg’s method (ref. 69) called for
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L . .L+348&3

FIGUREl&-Photornicrographof silver bromide crystals in collodion
autorndfographic emulsion. Polarized iLlurnination. C%llodion type
AW. l-hour esposure. 1,000X.

running the exposure cold (1° to 2° C), warming the sample
for a minute in room-temperature silver nitrate, and then
developing at room temperature.

13xTeriments were carried out to explore the effects of
variations in temperature. The result of such temperature
cycling is shown in figure 18. An autoradiograph prepared
without the l-minute silver nitrate warmup is shown in figure
19, while figure 20 shows the results of using all solutions at
room temperature.

The fog or background silver produced by these three
thermal treatments is shown in figure 21. It is evident that
the two samples which were exposed at 2° C exhibited very
satisfactory background silver grain counts (about 300
developed silver grains/mm2), while the sample which was
exposed at room temperature had a considerably higher fog
level (about 4,600 grains/mm2). The immersion in silver
nitrate at room temperature for 1 minute resulted in only a
very slight incresae in fog level. A background (fog) silver
grain count of leas than 1,000 grainspnd is considered
satisfactory.

A comparison of figurq 18 (b) and 19 (b) shows that
omission of the l-minute warmup at room temperature
resulted in a smaller silver grain size. Also, no warmup
causes a somewhat lower response sensitivity along with
fewer silver grains over the lwge regions of alpha iron.

All of the samples shown in figures 18, 19, and 20 were
dipped in collodion solution for 5 seconds, dried for 30

(a)
I

(b) _: L~848~—. .—

(a) Brightillumination.
(b) Polarizedillumination.

fiQuFLE17.—Autoradiographof oarbom14in iron. Collodiondrying
time,45seconds. CoflodiontypeAW. l-hourexposure. 250 X.

seconds, exposed to radiation in the silver nitrate for 65
minutes, and then processed. Development was in 4
percent ferrous sulfate for 20 second9 at room temperature.

Bromide addition: The photographera who used silver
iodide in the -ivet-collodion process in the 1850’s frequently
added iodide to the silver nitrate in order to saturate that
solution with silver iodide.



1004 REPORT 1243—NATYONAL ADVISORY COMMITTED FOR AERONAUTICS

,(a)

I

v“

I

I

(a) Bright illumination. 250X..,
(b) Polarized illumination. 2SOX.

“ (o) Focus on silver graina. 1,000X.
(d) Foous on metal surfaoe. 1,000X.

FIGUREI18.—Autoradiograph of carbon-14 in iron. Collodion and silver nitrate at 2° C. A 60-second warmup in room-temperntum silver
nitrate preceded the development.

There had been some indications during the course of this
investigation that the silver nitrate solutions produced
better resulb after they had been used once or twice.
Reasoning that the effect might be due to bromide transfer
from the collodion layer to the silver nitrato solution,
several experiments were performed in whioh varying
amounts of potassium bromide were added to a fresh silver

Coflodiontype AW. l-houresposure.

solution. No improvement in response as a result of them
additions was observed and bromide addition is not recom-
mended.

Exposure time,-l?igure 22 shows three different exposure
time-sover the same carbide field. The number of developed
silver grains associated with the large central carbide is
plotted versus exposure time in figure 23. The figuro
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I(a) I

(a) Bright illumination.
(b) Polarized illumination.

FInmm 19.—Autoradiograph of carbon-14 in iron. Collodion and
silwr rdtrate at 2° C. ATOwarmup before development. Collodion
typo AW. l-hour exTosure. 250X.

rewlily indicates the nonlinearity of the process. This
eflect has been thoroughly discussed from a theoretical
approach by Gomberg (refs. 60 and 69). These data tend
to substrmtirke the hypothesis that the radiation response
of these silver bromide crystals is in part, at least, a “multi-
hit?’ process (more than one beta interaction needed to
activate the crystal for development). A straight-line plot
iu figure 23 would be expected if a one-hit process only were

occurring, that is, if it took only a single beta interaction
on a given halide grain to render it developable. A multihit
process would account for the general shape of this curve.
By theory, the true multihit process would result in a s~ope
of zero near the origin. Since this does not seem to be what
is observed, it must be concluded that the response is in
part a one-hit process.

It is noted that the etliciency of the radiation-sensitive
layer appeam to increase with longer exposures (the curve
is c.mmaveupward). This is due to the two-hit stage taking
eflect after the initial exposure, which must be due to the
single interactions.

The earlier work reported by Gomberg (refs. 60 and 69)
indicated that for moderate exposures the overall response
of the wet-collodion procetzs was somewhere between a
one-hit and three-hit phenomenon.

Another interesting feature of this last series of auto-
radiographs (fig. 22) is the dependence of silver grain size
on silver grain population. In the 32-miuute exposure,
there are only a few grains and these tend to be large; most
of the grains are 3 microns in diameter. As the exposure
increased to 95 minutes, more grains became developable
and the average grain size diminished to 2 microns. Finally,
with the longest exposure, 285 minutes, the grain population
was very high and. the size was still smaller, now. about
1 micron.

..

These samples were all developed in 4 percent ferrous
sulfate for 20 second9 at 20° C.

The ~burized iron and steel samples used in this inve&i-
gation had total speciiic activities of near 0.5 me/g. These
samples produced satisfactory wet-process autoradiographs
with exposures of 1 to 10 hours. However, the exposure
time will vary greatly as the distribution of the activity
chqnges in the alloy. A uniform distrib@ion of 0.1 me/g
may not produce a suitable image in a l-hour exposure,
but, if the same total activity in the sample is concentrated
in the grain boundaries or in segregated microconstituents,
a satisfactory image would be obtained with the l-hour
exposure.

The recommended procedure for an unknown sample would
be to prepare a contact autoradiograph on a lantern slide
or metallographic plate. If a visible image is produced by
an exposure of an hour or two, the sample will probably
give a suitable wet-process autoradiograph with an exposure
of a few hours.

The practical limit on exposure time for wet-process
autmadiography is imposed by the ‘@otective” layer.
A thin (l-micron) lCCbL’3layer used for highest resolution
studies will not protect ordinary steel samples for longer
than a day. Improved protective mediums will be necessary
before the exposures can be extended.

413072-57-04
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c) .-. . . . ..- .-

(a) Bright illumination. 2sOX.
(o) Focus on silver grains. 1,000X.

(b) L-84853
,.

----- —.. . - A

(b) Polarized illumination. 250X.
(d) Focus on metal surface. 1,000X.

FIGURE20.-Autoradiograph of carbon-14 in iron. CMlod.ion and silver nitrate solutions at room temperature. Collodion type AW. l-hour
erposure.

Developer.—Physical development of the exposed silver
halide is used in the wei%eollodion process. This type of
development requirw the presence of free silver ions as well
as n reducing agent. When the metallurgical mount is
trrmsferredhorn the silver nitrate solution to the developing
solution, a layer of silver nitrate solution adheres to the
sample. Placing the mount gently in the developer permits
the silver ions to remain near the collodion layer. Ferrous
sulfate acts as the reducing agent according to the following
equation:

Fe*+& ~ Fe~+Ag

The reducing aotion proceeds slowly and, if properly con-
trolled, the silver in the latent image acts aa nucleation
centers for the deposition of silver by the above reaction.
The reduced silver thus forms readily tilble crystals at the
positions in the emulsion which were activated by the radia-
tion. Unfortunately, as in all photographic processos, a
certain number of silver grains are produced in the film where
no radiation has acted. These silver grains constitute tho
background fog. As seen in the section on silver nitrate,
the temperature and composition of the solutions have pro-
found influence on the fog level.
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(fL) CMlodion and silver nitrate at 2° C. No warmup before develoy
meat.

(b) Collodion and diver nitrate at 2° C. Warm 1 minute at room
temperature before development.

(c) Collodfon and silver nitrate at room temperature.

FIGUIUI21.—Fog level produced during l-hour autoradiograpbio
exposure to show temperature etTeots. Polarized illumination.
Collodlon type AW. l-hour exposure. 250X.
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(a) 32-minute eqcmw~
(b) 96-minute exposure.
(c) 285-minute exposure.

FIGURE 22.—Autoradiograpbs of same cementite crystal at ditTerent
esposure times. C!cdlodiontype AW. 1,00C)X.
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Eq3cmr%mill

Calwtafed rwmberof beta pmtides anittexlfrcm aystal surface

FXmJEE23.-Wet-autoradiography sensitivity ourve.

It has been found that the simplest and one of the most
satisfactory developers is an aqueous 4-percent solution of
FeS04.7H,0. In arriving at this conclusion, many modifi-
cations of this formula were tried. The results of a few are
illustrated in figure 24. Developer composition is listed in
table V. The exposure for these five autmadiographs was
140 minutes, and the developem were used at room tempera-
ture for 20 seconds. The developer used in figure 24 (c) is
that suggested by Clomberg (ref. 69), while that used in
figure 24 (d) was recommended many years ago by Eder
(ref. 70).

It was presumed that the addition of alcohol to the
developing solution aided in the penetration into the col-
lodion flm. However, there seems to be no readily observ-
able difference behveen the autoradiographs prepared with
alcoholic developer (&w. 24 (b)) and with nonalcoholic
developer (fig. 24 (a)).

The main effect of the &etic acid addition is to complex
the ferric ion produced in the developing reaction. By thus
reducing the ferric ion concenhation, it should be possible
to develop to a greater extent than in the absence of the
acetic acid. The formation of larger developed silver grains
also would be expected when using a deviloper containing
the acetic acid.

Figure 24 (c) reveals that while larger grains are formed
(up to 4 microns in diametar) in the presence of acetic acid
there also remain a large number of small silver grains.

The result is a very much mixed silver grain size. Thie
same eflect is seen in Eder’s developer (fig. 24 (d)), The
addition of copper sulfate in the latter had no noticeable
influence on the reactions.

Carrying the reasoning one step further, ferric ions wore
deliberately added to the 4percent ferrous sulfate solution.
This developer should have a lower developing potential and,
hence, produce smaller silver grains. Figure 24 (e) indicates
that, while the grains are smaller, they are tio much fewer
in number, which is to say that rmincrease in the ferric ions
appears to reduce the sensitivity of the process. Developer
temperature should affect the reaction kinetics such that
smallergrains would be produced by using a colder developer.
The time of development should also produce a similar effect;
that is, the shorter the time, the smaller the grains. I?igures
25 to 31 indicate the results of such teds. These results as
well as the developer conditions are tabulated in table VI.
These samples were exposed for 4.5 hours and were developed
in 4 percent ferrous sulfate.

b expected, the grain size increased with incrm.sing
development tarnperature and time. Thus, one can, if so
desired, produce smaller grains by using a cold developer for
a short time. However, experience indioated that a good
genaral purpose developer is 4 percent ferrous sulfate used
at room temperature (22° C) for 20 seconds.

Figure 31 records the background level produced by these
varying temperature and time conditions. While some
ditlerences in grain count and grain size are indicated, they
should not be considered as significant. The important
point is that in all caseathe fog level is satisfactorily low, less
than 1,000 grainshnrnx.

Figure 32 shows the result of excessive development tinm.
Two similar mounts were given l-hour exposures at 12°
C and developed at room temperature for 16 seconds (fig.
32 (a)) and for 60 seconds (fig. 32 (b)). The background fog
level in figure 32 (b) is about five times that in figure 32 (a),
It is, therefore, undesirable to develop for as long as 60
seconds at room temperature since the fog increases to an
undesirable level.

Following development the sample is fixed in hypo (e. g.,
Kodak formula F–5) for 45 to 60 seconds. A find wash in
distilled water for 10 to 20 seconds servca to remove rdl
soluble salts. The specimen may be waahed between the
developer and the &, but under no circumstances should it
be washed between the silver nitrate solution and the
developer.

ClmMIcAL..AR’rIFAcrs

In the wet autoradiography of metal samples it will gen-
erally be necessary to protect the metal surface from the
chemical action of the photographic solutions. In tho ab-
sence of such a protective layer most metals, when immermcl
in the silver nitrate solution, will become coated with silver
by electrochemical action. A second deleterious effect
which can occur in the absence of the protective layer is the
action of the dilute sulfuric acid on the metals.
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(a) 4 percant ferrous sulfate.
(b) 4 percent ferrous sulfate, 3 percent ethyl alcohoL

(o) 4 percent ferrous sulfate, 3 percent ethyl aloohol, 5 percent acetio aoid.
(d) 3 peroent ferrous sulfata, 3 percent ethyl alcohol, 6 percent aoetio aoi~ 1.6 percent copper sulfate.

(e) 4 percent ferrous sulfate, 1 peroent ferno sulfate.

l?rcwnm 24.-Autmadfographs of oarbon-14 in iron to show effeota of difTerent developers. Collodion type AW. 2.3-hour exposure. 1,000S.
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(a) Focus on silver grains.
(b) Fooua on metal surface.

Fmmm 25.—Autoradiograph developed in 4 percent feri%uasulfate for
10 seconds at mom temperature. Collodion type AX. 4.5-hour ex-
posure. 1,000X.

h previously discussed, these two reasons would be sufE-
cient to require the presence of some sort of separating layer
to prevent the chemicals in the silver nitrate solution from
carroding the surface of the metal specimen. Actually,
there is a third even more insidious eilect which can occur
when no protective layer is used, or if the protective layer
fails. In the absence of any readily visible chemical action,
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(a) Focuson silvergrains.
(b) Fooueon metalsurface.

FImEE26.—Autoradiographdevelopedin 4 percentferroussulfate
for 20secondsatroomtemperature.CollodiontypeAX. 4.6-how
wqmsure. 1,000X. ‘

such as formation of large silver crystals or the presence of
corrosion spots, it is still possible to have a chemical action
take place, the rem.dtof which is to render more of the silver
halide crystals developable (refs. 29, 68, 82, and 85). This
chemical action would produce a type of background
fog which, if it were uniform and not too heavy, might be
tolerated. Unfortunately, this type of chemical action may
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(a) Foous on silver grains.
(b) Focue on metal surface.

FrGunE 27.—Autorndiograph developed in 4 percent ferrous sulfate
for 30 seconds at room temperature. CdIodion me AX. A&hour
exposure. 1,000X.

result in n pattern of developed silver grains which may re-
semble theappearance of the microstructure of the metal being
studied. It is, in fact, possible to take a chemigraph utihzing
this chemical action to activate a photographic emulsion.

If corrosion occurs at all, it will usually start at the metal-
Bakelite interface. If this interface is not very smooth, the
plastic will be stretched and thinned and, hence, more readily
penetrated by the corroding solution.

L-8484

Fmurm 28.—Autoradiograph developed in 4 percent ferrous sulfate
for 10 seconds at 5° C. Collodion type AX. A&hour O.. OSWO.
1,000X.

J?igure933 to 35 illustrate several’ examples of corrosion
which occurred on the iron samples. Figure 33 (a) shows the
typical edge effect. Apparently the Vinylite failed at the
metal-Bakelite interface, allowing the silver nitrate solution
to seep through and creep along the steel surface. Figure
33 (b) is the same field photographed with polarized light.

Figure 34 (a) shows several localized regions of corrosion
away from the edge of the metal. Figure 34 (b) is the s~e
field under polarized light.

Figure 35 (a) shows two types of abnormalities in the
developed photographic image. The upper dark region
appeara similar to the corrosion spots in iigures 33 and 34.
The lower region shows an effect, sometimes observed, in
which silver grains streak a-way from a given point. This
source might be a corrosion location or more probably is
dirt or an impurity (nucleation center) on or in the collodion
film. The mount is normally processed with the polished
surface in a vertical plane. The silver grains produced by
this latter effect streak upward from the nucleating center.
The direction of the streak might be accounted for by as-
suming that when the mount was dipped into the developing
solution the silver nucleating impurity was spread upward
on the mount as it was lowered into the developer.

It is undesirable (but not prohibitive) to have the radi~
active area of greateat interest at the metal-Bakelite inter-
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(a) Focus on silver grains.
(b) Focus on metal surface.’(a) Focus on silver graina.

(b) Fooua on metal surface. ‘“ “‘ “
FI&& 30.—Autoradiograph developed in 4 percent ferrous stdfota

for 30 seoonda at 6° C. Collodion type AX. 4.6-hour exposure.
1,000X.

FIGURE29.—Automdiograph developed in 4 percent ferrous sulfate
for 20 seconds at 5° C. Collodion type AX. 4.fi-hour asposure.
1,000X.

face. In the first place, when it occurs at all, corrosion
usually begins at that interface as shown in figure 33. In
the second place, radioactivity at the edge of a deep metal
sample will scatter through the Bakelite to a greater extent
than through the metal. Since the density of steel is about
five times that of Bakelite, the beta particles will have a
range in Bakelite about five timeEthat in steel. This effect
is seen in figure 36. The result of a 16-hour exposure is seen

in iigures 36 (a) and 36 (c). The radioactive nickel plato wns
overcoated with 3 to 4 microns of inactive silver to absorb
the side radiation for the sample in figure 36 (a). This samo
field after a l-hour autoradiographic exposure is shown in
iigure 36 (b). The sample shown in figure 36 (c) waaproparod
without the silver plate over the nickel-63. Radiation from
beneath the surface is seen to soatter through the Bakelito
more than through the metal.
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(a)
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(d) I
I

(b) (e> . I
I

@ L-84865—. . . (f) L-84866—.. — -
(a) Room temperature for 10 seconds. (d) 5° C for 10 seconde.
(b) Room temperature for 20 seconds. (e) 5° C for 20 seconde.
(c) Room temperature for 30 seconds. (f) 5° C for 30 seconds.

FIOUREI31.—Background fog level produced by development in 4 percent ferrous sulfate for different tim~ and temperatures. Cdodion type AX
4.6-hour OXpOSU~. 250X.
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(a) . I

~b) . . L-84868]

(a) Brightillumination.
(b) Polarizedillumination.

l?IGUEE33.—Typicaledgecorrosionon a wet-processautoradlograph.
Collodiontype BB. 6.5-hourexposure. 250X.

In addition to showing an autoradiograph at 26X, figure
38 also illustrate another approach to the problem of pro-
tective layers. A field of the carburized steel sample (bare
etched metal) is shown in figure 38 (a). Before taking the
autoradiograph, however, the sample was. polished and
silvered by vacuum evaporation. This made any identifi-
cation of structure in the metal impossible by direct micro-
scopic examination. The autoradiograph did show up the
location of the radioactive carbon as is seen in figures 38 (b)
and 38 (c) (by polarized light and bright field, respectively).
It should be noted that the silvered surface had to be covered
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(a) Bright illumination.
(b) Polarized illumination.

FIGURE 34.-Tgpical interior comosion on a we~process autaadio-
graph. Collodion type BB. 6.6-lmurexposure. 250X.

with plastic. As previously discussed, there is a tindency
for the silver surface to nucleate silver grain formation in
the development action.

COMPARISONOF WET-COLLODIONAUTORADIOGRAPHSWITHOTHER
PROCESS=

By far the simplest autoradiographic technique is to place
the radioactive sample on a commercial photographic emul-
sion. A wide variety of emulsion speeds is available from
the fast X-ray emulsions to the slow process emulsion. The
cmburized iron specimens produced a reasonable film black-
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(a) Corrosion and chemical nucleation in autoradiographio emulsion
on control eample.

(b) Normal fog level on control sample.

Fmmm 35.—Compariaon of normal autoradiographio fog level with
corrosion and chemical effecti on nonradioactive controk. Collodion
type BB. 6.6-hour exposure. 260X.

ening on No-Screen X-ray iilrn after a 5-minute tmposure.
Resolution was very poor since this emukion is thick and
coarse grained.

Figure 39 (a) is a photomicrograph of a contact autoradio-
graph exposed for 1 hour on a contrast lantern slide. The
metal structure (same field) is shown in @me 39 (b). The
resolution indicated by figure 39 is 30 to 40 microns.

Stripping ti autoradiographs.-In December 1951 the
Eastman Kodak Company announced the manufacture of
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lNiokel-63 plate overcoated with silver. 16-hour exposure.
Polariml illumination.

Niokel-63 plate overcoated with silver. l-hour espoaum. Bright
illumination.

Nickel-63 plate at edge of metal sample. 16-hour exposure.
Polarfzed illumination.

mm 36.-8 cantering eHeot of radioactivity at metal-Bakelfte
interface. Collodion type AW. 500X.

(ii) ‘“. I

d+
j

(b) I
,. /

k) L-848721

(a) Bare metal, pioral etoh.
(b) Autoradiograph. Polarized illumination,

(c) Autoradfograph. Bright illumination.
FIG= 37.—Photernicrograph and autaadiograph of oarbon-14 in

LkOII. Cdlodion type AZ. 10.&hour esposure. 26X.a
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(a)

(b) ,.
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(c) “ L-84873

(n) Bare metal, pioral etch.
(b) Autoradio~aph. Polarized illumination.

(o) Autoradionaph. Bright illumination.
Fmum 38.—Photomiorogr~ph- and au-tiradiograph of carbon-1+1 in

steel. Sample coated with evaporated silver layer under autorndio-
waph. Collodion type A’IV. 1.3-hour exposure. 25X.

id ..
,., “.I

,. f

i!&L------------- ~_--..--:. :. L-84874----
(a) Autoradiograph.

(b) Bare metal, picral etch.
FIGUEE39.—h,Iicrostruoture and autoradiograph (contnot on lantern

slide) of carbon-14 in iron. 100X.

an emulsion which they designated “Eodali Autoradio-
graphic Permeable Base Stripping I?ilm (Experimental).”
This & is recommended by ~odak for autorrdiography
using alpha or beta particles. The product is a tti (5-
rnicron) fine-grained emulsion which can be applied directly
to the specimen (an intermediate protective layer such as is
used with the wet process is also necessary). The resolution
achieved with this iih.n is between 5 and 10 microns which
makes it comparable with the wekcdlodion process from
this point of view.
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‘(a)

iii-” ——. — 1-.8_+87_6(

(a) 100E (b) 250X. (o) 1,000X
Fmmm 40.-Autoracfiogmph of carbon-14 in iron wing KodakAuta-

radiographioPermeableBase StrippingFilm 9-hour exposure.
(See@ 41and42.)

(a)

‘(b) . ,.
L-84877

.,

(c).-. . - -.— k L-84878,
(a) lOOX. (b) 260x.--’ - (c) l,OOOXO

Fmmm41.-Microstructureof carbon-14carburizediron,piorrdotoh.
Samefieldsasshownin fig-urea40and42.
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(a) Bright illumination. 250X.
(b) Polarized illumination. 260X.
(o) Bright illumination. 1,000X.

(d) Polarized illumination. 1,000X.
l?wmm 42.-Autiradiograph by wet process of came field shown in iigura 40 and

Figure 40 shows three difFerentmagniktions of an auto-
radiograph taken with the Kodak Stripping I?ihn exposed
for 9 hours. The microstructure is obscured by this dense
rmtoradiograph. The bare etched metal of the same field
is shown in figure 41.

It is evident that corrosion is a problem even with this
film which is exposed dry. In order to apply the stripping
iihn it is necessary to wet the mount surface, aiiix the jilrn,
and then draw off the water with filter paper or other means.
The exposure takea place in this dried (or drying) condition.

It is necessary to wet the mount again in order to process

41. Coflodion type BB. &5-hour esposure.

the film photographically which is developed in Kodak D-lfI,
washed in water or stop bath, tied, and washed again.

The tail streaking away horn the large carbide in figure
40 (c) is another photographic anomaly of unknown cause.

The same field autoradiographed with the wet process is
shown in figure 42. This exposure was 6.5 hours and the
developer was 4 percent ferrous sulfate for 20 seconds at
15° c.

Careful comparison of figures 40 and 42 indicates that the
resolution of these two methods is approximately the same.

Perhaps the most unfortunate characteristic encountered
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(a) 500X.
(b) 1,000X.

FIGURE43.—Automdogmphs showing displacement and reticulation
in Kodak Stripping Film.

in the use of the stripping fdm was the tendency to pucker,
buckle, or displace relative to tie metal. Evidence of this
is seen in figure 43.

Figure 43 (a) shows that the iilm has displaced ahnost 20
microns after the exposure took place. Reticulation in the
gelatin film as well as a 25-micron displacement is shown in
figure 43 (b). The outie of the mdioactive ~bide is f~~y
visible to the right of the mass of silver grains in the center of
the figure.

COI@LITTEE FOR AERONAUTICS

(a) 250X.
(b) 260X.

FIGURE 44-Two regions of automdiogmph takcm with Kodak
Stripping Film showing good nnd poor raponso.

l?igure 44 (a) shows a single field containing tho autoradio-
graph in registry with the structure at the lower right and a
5- to 10-micron displacement (and, for some other renson,
lower response) in the upper left. The lower responm co~d
be due to the film not being in close contact with the specimen
during the exposure.

Figure 44 (b) is another autoradiograph taken with Autc-
radiograptic Stipping I?ilm. The lower right half ~f the
figure is a good autoradiograph. Apparently the film chd not
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adhere to the sample in the region shown at the upper left.
Three is no autordiograph here, and there is some evidence
for the onset of corrosion on the metal.

Comparison of two high-resolution autoradiographic tech-
niques,—Eastman Kodak Autoradiographic Permeable Base
Stripping Fihn (Experimental) is reprwentative of the beat
commercial autoradiographic emulsions. A comparison of
this product with the wehproce.w autorwliographic film is
presented in table VTt. Since both materials are about 5
microns in thickness and required the presence of a separating
layer between the sensitive layer and the metal specimen, it
is fair to say that one should expect about the same resolution
from either iihn.

The advnntages of the wet-collodion technique are as
follows:

(1) Excellent registry with the metal structure. No auto-
mdiographs have been found to be displaced laterally from
the known sources of radioactivity.

(2) Low fog level. The fog grain count is lower by a factor
of 10 to 100 as compared with that of the stripping film.
Ij’or example, the background obtained on a stripping film
might be in the range 104to 105 silver grains/mmi, while a
count of 103grains/mm2on wet background can be expected.

(3) Variable silver grain size. It is perhaps normal to
think that the smaller the developed silver grain, the better
the emulsion or technique. In reality, there is no advantage
in having the silver grain any smaller than a micron in diame-
ter so long as the resolution of the detecting system is several
microns. Actually there are advantages to the larger grain
size. The large grains are much easier to see and photograph
under the optical microscope. Since these grains are easier
to see, should any quantitative work be done, the grains are
more redly counted. Also, regions of low specific activity
might be easier to locate by producing large 5-micron grains
by the addition of acetic acid to the developer.
‘ The advantages of stipping film are:

(1) Higher sensitivity. This is an advantage when working
with low specific activity material.

(2) Longer exposures permitted because exposure can be
carried out using a dry detecting film.

(3) Greater convenience in application. Most technicians
will probably favor the commerical product as being more
convenient even though the time actually spent in manipu-
lating the wet collodion is less than that for stripping fi.

OTHEllMETALLUEQICALSYSTEMSHESTIGATEDBYWET-PBOCl%?5
AUTOBADIOGEAPHY

The work with radioactive tungsten and copper, which will
be briefly reported, was performed very twrly (1949 and 1950)
before many of the improvements reported were known.
The objective was to obtain samples suitable for exploring
the possibilities of the wet-process a,utoradiographic tech-
nique,

Tungsten- 185,-A small amount of work was done with
radioactive tungsten in alloy N–155 as a system where the
active material would be distributed at random in solid solu-
tion after a solution treatment but would segregate in varying
amounts as precipitation took place. This assumed that the
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(a) As-cast.
(b) Solution-treated at 2,200° 1? for 1 hour, water-quenohed, heated

at 1,400° F for 1,000 hours, and air-cooled.
l?mmm 45.—Miorostructure of low-carbon AT–156 alloy, contw”ning

tungsten-lS5, after two heat tredments. 1,000X.

tungsten would segregate in the precipitating phases, although
this was not certain. The alloy was investigated autoradio-
graphically as cast and also after several thermal treatments.
The typical structures of N–155 are shown in iigu.re 45.

Figure 46 shows results typical of all of the N-155 studies.
The bare etched metal is shown in iigure 46 (a) and the
autoradiograph of the same field, in figure 46 (b). The large
diamonds are fiducial points impressed with a microhardnew
tester. The silver grains in the autoradiograph do not corre-
late with the microstructure. All of the N–155 autoradio-
graphs were prepared with a thick collodion similar to type
AW (table l?l) and developed in tlm developer containing
copper sulfate (table V).
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(a)

[b)_ -:-.-’-:-. -._-——. __ . . . . . ~-8@8ti

(a) Bare etched metal.
(b) AutoradiograpL

FxGmm 46.—Miorostmcture and autmadiograph of N–155 alloy
containing tungsten-W5. Specimen was solution-treated at 2,200°
F for 1 hour, waterquenohed, heated at 1,400° F for 24 hours, and
air-cooled. Collodion type AW. 10.5-hour exposure. 100X.

No autoradiographic evidence was obtained to indicate
tungsten segregation in any of the heat treatments of alloy
N–155. It may be that the tungsten wss somewhat segre-
gated into the finely dispersed minor phases, but the auto-
radiography at that time wss not good enough to detect it.
The factors which militated against better results were the
tungsten radiation itself (rather penetrating betas, introduc-
ing subsurface interference), the use of a 3-micron polystyrene
protective layer and a 10-mimon collodion layer (reducing
the resolution), and finally the dispersion of the phases being
studied (possibly smaller than the resolving power of the
method).

(a) . 1
al

..

‘FCL L._ . . . . . . –.> .-. -–.. - . . . -. L-8@36

(a) Fores on silver grains.

(b) Focus on metal surface.
FrmJRE 47.—Autoradiograph of as-caat 5-percent-copper-9&puroon&

antimony alloy containing oopper-04. Collodion type AW. l-hour
exposure. 1,000X.

In a system of this type it is expected that the tungsten
would be distributed both in the matrix and in the excess
constituents. It may well be that there was insufiiciont
concentration gradient to be detected autoradiographically.

Copper-64.—The binary system antimony-copper was
investigated autmadiographically because copper was a con-
venient source of radioactivity being readily obtained from
the University of Michigan cyclotron group. The alloys pre-
pared contained about 5 weight percent copper.

Figure 47 is an autoradiograph on the as-cast antimony-
copper alloy. The gray phase in the metal is a compound
of approximate composition C?uSb,while the white-appearing
phase is nearly pure antimony. Figures 47 (a) and 47 (b) are
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(a) Focus on silver grains.
(b) Foaus on metal surface.

Fmuma48.—Autoradiograph of ruz-cast5-percentipper-95-peroent-
antimony alloy control (no radioactivity). Collodion type AW.
l-hour exposure. 1,000X.

the same field; figure 47 (a) is focused on the silver grains,
while figure 47 (b) is focused on the metal surface. A careful
grain count indicates a slightly greater number of silver
grains over the CuSb phase than over the antimony phase.
However, the definition is very poor, probably for three
rensone: (1) The 4-micron plastic separating layer, (2) the
10-micron collodion layer, and especially (3) the copper-64
radiation which introduces serious subsurface effects (0.65-
mev positrons, 0.57-mev beta particles, and 1.3-mev gammas;
see table 1).

l?igure 4S is a control sample run in the same mount as
shown in figure 47. Note the much lower silver grain count.

The rmtorwiiographs of the copper sloy were made using

I L-848871

FIGURE 49.—Autoradiograph of nickel-silver mixture. Collodion
type AX. 2.5-hour esposure. 250X.

a collodion solution similar to AW (table IT), the standard
silver nitrate solution, and the ferrous sulfate-acid-alcohol
developer (table V_).

According to the phaae diagram (ref. 71) there is a maxi-
mum of 0.2 percent coppar in the antimony matrix The
poor remits could not be attributed to the concentration
gradient but must have been a result of the penetrating radia-
tion horn the copper and the use of thick plastic and coHodion
layem which greatly lower the autoradiographic resolution.

Nickel-silver powder material.-silver was melted around
radioactive nickel paiticlea to form a structure with a
distinct separation of radioactive particles and nonradio-
active matrix. The gray phase in @ure 49 is the radio-
active nickel. The small black circles are the silver grains
in the autoradiograph. Only a few background silver grains
are seen over the nonradioactive silver phase. The devel-
oped silver grains definitely outlined the nickel particles.
Since the nickel radioactivity was contaminated with
cobal&60 radiation, work on this type of sample was discon-
tinued in favor of the pure beta emittempreviously discussed.

RESULTSAND DISCUSSION

.We~proceas aut.oradiography wss successfully adapted
for use in establishing the location of suitable beta-emitting
isotopw in the microstructure of metallurgical samples.
Properly carried out, an autmadiograph is produced in place
on metallographically polished and etched specimens with
the microstructure and the autoradiograph v-idle at the
same time. Such autoradiographs can be easily examined
at magniiicatione as high as 1,000 diameters. Autmadio-
graphs prepared by the wet process can also be viewed
satisfactmily under low magnification (e. g., 25X). Under
favorable conditions the presence or absence of radioactive
elements in the segregated constituents of the microstructure
can be detected when the distance of separation of the
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particles is less than 10 microns. Under proper conditions
of intensity of radioactivity in the tracer element, composi-
tion of the segregated constituent, and exposure time, the
process will work for segregated particles as small as 1
micron in diameter. Grain-boundmy segregations can be
studied autoradiographically provided that (1) sufhcient
activity can be gotten into the grain-boundary constituents,
(2) the grains are larger than 10 microns in diameter, and
(3) the concentration gradiem%are suthciently large.

Wet-process autoradiography as developed for this report
should be, therefore, a useful metallurgical research method.
It will, however, be necessary properly to consider the
limitations of the method, which, as discussed later, lie
mainly in the characteristics of radioactive isotopes and
their distribution in alloys.

The major advantages of wet-process autoradiography
include:

(1) High resolution for beta-emitting isotopes. There
are no beta autoradiographs in the published metallurgical
literature which demonstrated resolution of better than 10
microns.

(2) Perfect registry of the autoradiograph over the
microstructure under conditions convenient for comparison
of the structure with the resulting autoradiograph at high
magnibtion under the microscope.

(3) Satisfactory procedures for controlling background
fog. The fog grain count is frequently less than 1,000 silver
grains/mrn2,a value which is less by at least a factor of 10
than the background observed in commercial emulsions

REcOMMENDEDTECHNIQUE

The investigation involved the solution of a number of
technique problems. The best procedure established during
the investigation for prepaxing wet-process autoradiographs
is as follows:

(1) Mount the metallographic specimen (radioactive
sample and a control) in Bakelite cured at 150° C under>
5,000-psi pressure. It is desirable to grind flats into the
mount to facilitate handling with tangs. The mounted
sample should be given a good metallographic polish, being
careful to keep the surface flat with a minimum of rounding
at the edges. All of the etchant must be removed by
thorough washing and the mount must be left clean and
dry.

(2) Apply a protective Vinylite layer by dipping the
mount in a 2-percent solution of VYNS in methyl ethyl
ketone for a few seconds. AlloTv the sample to drain and
dry for a few minuw in an upright position on a paper towel.
Hwt for 30 to 60 minutes at a distance of about 6 inches
from a 250-watt heat lamp, cool to room temperature, and
transfer to a desiccator to await autoradiography.

(3) In a darkroom with dull red illumination, immerse
the sample for a few seconds in the cold collodion solution
(2° c). Place the mounk upright on an absorbent paper
towel for 30 seconds to drain the excess collodlon solution
and to set the collodion film on the mount.

COMMITPDE FOR AERONAUTICS

(4 Immerse the mount immediately into the cold silver
nitrate solution (20 C). The container for this solution may
conveniently (but not necwwu-ily) be a bottle painted black
or made of dark glaea in order to minimize the danger of
light exposure during the autoradiographic exposure. Tho
silver nitrate solution with the exposing specimen is kept in
the dark and cold” (around 2° C) by using u cold water brdh
or other refrigeration. Several mounts may be exTosed in
the same solution since the range of beta particles in water
seldom exceeds several millimeters.

(5) Mter a suitable exposure (generally several houm),
the sample is placed carefully in rLdeveloper at room tem-
perature (around 20° C) for 20 seconds. This developer
is conveniently contained in a 50-milliliterbeaker and should
be prepared fr~h for each sample. Do nob stir or agitmle
during development.

(6) Remove the sample from the developing solution and
place in the fixing solution for 40 to 60 seconds at room
temperature.

(7) Wash by immersing in distilled water for 10 to 20
seconds to remove soluble salts and, finally, dry in a gentlo
air stream.

The specimen is now ready for microscopic examination.
Formulas for the recommended solutions are as follows:

I—Vinylite:
VYNSVinyli~ g------------------------------------ 2
Methylethylketone,d------------------------------ 100

11-COllodion:
U. S. P. collodion,~--------------------------------- 8
Absoluteethylalcohol,~----------------------------- 42
Cadmiumbromide(CdBr,.413,0),g---------------.---- 0.76
Ammonh.unbromide(h%Br), g--------------.-------- O.15

III-Silver nitrate:
%lvernitrate (AgNOJ,~----------------------------- 26
D~~water, ~----------------------------------- 260
Sulfuricacid, to pH of (about 0.31 ml of 10 peraentby

volumestiuric acidic w~)------------------------- 2.5
IV—Developer:

Ferroussulfate(FoS04.7H,0),g----------------------- 4
D~~water, ~----------------------------------- 100

V—Fixingsolution:
KodakformulaF-5

Before leaving the discussion of the solution and sample
twndling, a few words of caution are in order. The need
for cleanliness cannot be emphasized too strongly. Every
effort should be made to keep dirt or other contaminations
horn the metallographic mount and from the processing
wlutions. Except for the U. S. P. collodion (not the flexible
type), chemically pure or analytical grade chemicals aro
recommended. Finally, care must be mercised not to drop
the metal samples face down in the processing solutions or
~therwise to disturb the emulsion mechanically, The thin
:ollodion film is easily disturbed and the photographic
process easily upset by such treatment.

LIMITATIONSOFAUTORAD1OGEAPHY

One restriction imposed by autoradiography which is
:ommon to all tracer studies is the need for a certain amount
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of specialized equipment and trained personnel for the proper
hrmdhg of radioactive substances. However, many labora-
tories are being equipped and staffed to handle such materials
and this should not be considered as a serious restriction on
the process. (Seerefs. 8, 10, 13, 16,86, and 87 for suggestions
on laboratory equipment for experiments uWizing radio-
isotope).

Autoradiography itself has several inherent IimitaLions
which will now be discussed:

(1) Autorrdiography will probably never provide the
answer to all segregation problems. There are many radio-
isotopes available for tracer studies, but some elements
(titanium and nitrogen, to mention two) do not have radio-
isotopes suitable for such studies These elements (titanium
and nitiogen) are available only as very short lived materi-
als, the half lives being less than a few minutes.

(2) Other elemenb are unsuited for highest resolution
work because of tie quality of their radiation. Phos-
phorus-32, for example, has a very penetrating beta particle,
while cobalt-60 has penetrating gamma rays emitted with
its beta particlea. Phosphorus-32 and cobalt-60 can be used
in autoradiogmphic studies; however, the resolution obtained
will, in general, be somewhat inferior. In the autoradiog-
raphy of bulk metal samples the highly penetrating radia-
tions create a serious problem. A radioactive particle,
located beneath the surface of the metal md therefore
invisible microscopically, will be able to activate the photo-
graphic emulsion in its vicinity. Only by repeating the
rmtoradiogmph can the irnwtigator determine whether
such a photographic image is in reality due to radiation from
Q subsurface source or merely a chance accumulation of
fog grains. The apparent size of a segregate particle may
also be distorted by similar subsurface radiation effects.

(3) Many segregation problems will be made more di.ficult
by the existence of shallow concentration gradients. No
attempt has been made to evaluate the requirements for
concentration gradienti; but, in general, it can be said
that the sharper the gradient, the better is the chance of
observing segregation autoradiographically.

(4) The present state of the art requires that the segregate
particlesbe mveralmicrons apartand have activities of several
disintegrations per hour for favorable autoradiographic
inspection.

(5) The present techniques requke the use of a protective
plastic layer about 1 micron in thickness. If the thickness
of the layer could be reduced materially and the radiation-
smsitive layer also thinned down to perhaps 1 or 2 microns,
still higher resolution than that described in thisreport might
lm expected.

The discussion of limitations applies to autoradiography
in general. One limitation peculkw to the wet process is
tho restriction on length of exposure. The thin Vi.iylite
Inyer protects active metal specimens for only about 1 day.

Repeated dipping into the 2-percent VYNS solution (with
intermediate heating) will build up the Vinylite layer and
permit longer exposures but only at the expense of high
rwolution.

INTERPRRl?ATIONOFAUTORADIOGRAPHS

Generally, the autoradiographic image is easily cm-related
with some structural characteristics in the metal. Under
these conditions, interpretation presents no great problem.
As previously indicated, however, it is possible for chemical
or physical action to induce a photographic effect. The
chemical effects might be caused by interaction between the
photographic chemicals and the sample itself. CXmm.igraphs
which very closely resemble autoradiographs in appearance
have been prepared on nonradioactive samples.

Mather (refs. 88, 89, and 90) made use of physical action
to produce photographic eilects. He was able to prepare
photographic reproductions of metal surfaces by applying
mechanical pressure to photographic emulsions. Caution
must be used in interpreting any autoradiograph prepared
in a manner which might have introduced meclwnical effects.
The use of a nonradioactive control sample greatly minimizes
misinterpretation of autoradiographs.

An interesting case of misinterpretation of autoradio-
graphic results took place in 1942 when Shoupp (ref. 91)
prepared autoradiographs by clamping a sample of gassy
steel, containing radioactive phosphorus, against a photo-
graphic emulsion. Incrwumd photographic action always
occurred over the cavities in the steel, so that Shoupp
reported that phosphorus had concentrated at or near the
surfaces of the caviti- or blowholes. That the phosphorus
was not concentrated near the cavitiw wcs demonstrated
by Nelson (ref. 92) by preparing a cast iron containing
radioactive phosphorus. Holes were drilled into the metal
(which &o contained natural blowholes). The autoradio-
graph revealed that the deeper the blowhole, whether arti-
ficial or natural, the greater the appard concentration of
radiophosphorus indicated by the film. This was obviously
a case of the holes having a much 10WWabsorption coticient
for the radiation than the bulk metal

A similar diilerence of absorption was demonstrated in
this investigation. Radioactivity located at the metal-
Bakelite interface in the metallographic mount was less
absorbed by the Bakelite than by the metal and showed
greater scatter out over the pkwtic mount.

It is to be expected that such an effect will be found in
the investigation of any sample which contains two phases
which differ widely in densi~, for example, enamel ccatings
on metals or low-density constituents (such as graphite)
in iron or steel.

ENGINEERINGRBSEARCHINSTITUTE,
UIUV=ERSITYOFMICHIGAN,

ANNARIIOR,MICH., June 1, 1963.



APPENDIX A

P UNIFICATION OF NICKEL-62 SOLUTION

Item Ni-63-P listed for sale by the AEC is a purified nickel
chloride solution of radiochemical purity (nickel-63) greater
than 95 percent. The particular batch received contained
1.6 percent of the radiation w cobalt-60 betas and gammas.

The method using thiocyanate ethyl ether and amyl al-
cohol described by Meinke (ref. 93) was used to remove the
cobalt from the nickel solution.

The solution received from Oak Ridge was:

NiCL in 0.88 normal hydrochloric acid
20.5 mg nicke?ml solution

The purification procedure was as follows:
Place 3 milliliters of the radioactive nickel-cobalt solution

in a 50-miUiliterbeaker.
Evaporati dry over a low--temperaturehot pIate in a hood.
Add 15 milliliters of water and evaporate dry again.
Add 10 milliliters of water; heat to get salts into solution.
Transfer solution to a 50-milliliter separator tube.
Add 5 grams of ammonium thiocyanate ~CNS); stir

to dissolve.
Add 1 to 2 milligrams of cobalt carrier as cobalt chloride

solution.
Add 15 millilitersof 1:1 mixture of amyl alcohol and ethyl

ether.
Stir for 10 minute9; allow to settle for 10 minute9.
Draw off lower aqueous layer into second separato~ tube.
Add 10 milligrams of &KJIs.6H20 in solution to the

aqueou9 solution.

Add 15 milliliters of 1:1 amyl alcohol and ethyl ether.
Stir and settle as above.
Draw off lower aqueous layer; heat gently to remove vola-

tile organic compounds.
Transfer aqueous solution to a 50-milliliter centrifuge tube,
Add sodium-hydroxide solution.
Heat to remove ammonia (color changes from deep blue to

pale blue) and precipitate nickel hydroside.
Spin in centrifuge.
Decant supernatent liquid.
Add dilute NaOH solution to the Ni(OH), precipitate and

centrifuge again.
Decant supe.rnatentliquid.
Add 3 milliliters of water, 0.06 milliliter of Hfi04, and 0.1

milliliter of HCI to the Ni(OH), (should have about 60 milli-
grams of nickel here).

Heat to get into solution.
Transfer tQ a 5-milliliter beaker.
Evaporate to about 2 milliliters and add 80 milligrams of

boric acid.
Control the pH of this solution (at about 3) by addition of

dilute ammonium hydroxide or hydrochloric aoid.
This procedure produces a plating bath somewhot similar

to the standard Watts bath. The pH control and mermire-
ment are very diflicult since the whole solution occupied only
2 or 3 milliliters. Test papers ware used for this pH measure-
ment.

APPENDIX B

CARBON-14 SPECIFIC RADIOACTIVITY MEASUREMENTS

To determine the efficiency of the oarburizing reactions,
that is, the extent to which radioactive carbon was trans-
ferred from the barium carbonate to the metal stock, it was
necessary to asaay the carburized pieces for their activity.
This specific activity measurement was performed in the
Phoenix Memorial Laboratory at the Univerai@ of Mich@m.

The only measurements required were of the carburized
samples (mounted in Bakelite) with and without a series of
ahrninum absorbers. AU of the radioactive metal pieces
were of greater than iniinite thickness as far as the carbon-14
radiation was concerned (>30 microns thick).

h~HOD

The Bakelite mounts were clamped to the underside of an
ahnni.num shelf in a plastic counting rack (@. 50). The
radioactive sample was centered under the central hole in
this shelf and also centered under the counting-tube window.
To calculate an absorption coefficient for this radiation,
a series of aluminum absorbers was placed between the
activity source and the count= window.

1026

lk
r

L , m—~----------. —-—-- r

E 3

E, I I 1
L-J

c z

Ph-htrn alwdws
an first shelf

Smple Maw
thirdshdf

.

.-l-de

I?mmm 50.—Radioaotivity counting raok.



131GH-RESOLUTION ATJTORADIOGRAPHY 1027

Io.oco1 xl

“9JZ0 : I I I I I I I I I I

I I \l I I t I I I I I I I I

I I I I I 1 I 1 I 1
}

I I Y
1 I

, , 1\l
a I I I

I I k. i I I
I I I I I I I I I I h I I I

I
I I I I I I I I I I \l I I

I
I I I I I I I I I I I I \ I 1 J

Abxbef thicb~ rng/crn2

FI~UEE 51.—Absorption curve for carbon-14.

It would perhaps have been preferable if iron absorbem
could have been used since it was iron which waa responsible
for the major part of the self-absorption of the sample.
Thin iron absorbera were unavailable; therefore, the usual
aluminum sheetswere used. The mass absorption coefficient
p is reasonably insensitive to changea in atomic number.
Thus, it is quite safe to assume that the error introduced intc
the calculation of the absorption coefficient is smaller than
the other errors in the method (e. g., the assumption of
homogeneous carburization).

Table VIII gives the results of a series of measurements
mado with mount 110 and a series of aluminum absorbers.
The air distance was 4.17 centimeters corresponding to 4.8
mg/cmg absorber. Window thiclmess was 1.9 mg/cmz or a
total of 6.7 mg/cma without added aluminum. No coinci-
dence correction ma required at this counting rate.

Figure 61 is a plot of the data from table VIII. The
extrapolation to zero absorber, when corrected for counting
geometry, gives the surface activity of the sample. The
extrapolated value, before geometry correction, is 9,120
counts/rein at zero absorber. From these data the m~
absorption ceficient cnn be calculated by the following
equation:

~=e.p,
L

(1)

which expresses the exponential type of absorption which is
observed for the greater part of the beta absorption curve,
where
10 incident radiation intensity
1, radiation intensi@ after passing through an absorber

of thiclmess t,mg/cm’
P mass absorption coefEcient, cmz/mg
Equation (1) can also be written:

Iog, j=–@ (2)

To iind y, one may substitute any of the radiation counts in
table VIU for I, (using the appropriate t),and 10 is the
extrapolated value of 9,120 cmmts/min. I?or example:

1.L=O.295cma/mg

The standard geometry factor G is calculated

w-here h is specimen-to-tube window distance,
and r is Geiger counter tube window radius,

as follows:

1.64 inches,
0.505 inch.

Thus @= O.02;15. The fact that the radiation is not from
a point source on the counter tube axis introduces a small
error (ref. 94).

The specitic activity can now be calculated by the follow-
ing equations (ref. 95):

iS=@I,/A

21,= Measured counts/minxAbsorption factor/t?B

where
8 speciiic activity, disintegration/min/mg
P mass absorption coefficient, cm2/mg
Ii surface activity horn infinitely thick layer, counts/rein
G geometry factor
A source area, cm2
B backscatter correction factor
and the factor 2 converts the surface activity measurement
to 360° geometry.

The value (1.2) for the backsmtter coticient B is obtained
by interpolating data given by Calvin and coworkers (ref.
96) for carbon-14 backscatter by aluminum and platinum.

The absorption factor is the ratio between the extrapolated
value of 9,120 ccmnts/min and the value 1,257 counts/rein
measured through air and window absorbers, that is,
9,120/1,257=7.26.

The calculation for mount 110 follows:

21i=
1,257 counts/minX7.26

0.02215X 1.2 =3.43X 106 disintegrations/rein



1028 REPORT 1243-NATIONAL ADVISORY

~=0.295 cmz/mgX3.43 X 10’ disintegrationsfmin
0.10 cm~ I

=1.01 X 108disintegrations/min-mg I
but 1 millicurie is 2.222X109 disintegrations/rein; therefore,
the specific activity of mount 110 is:

~“~~~ ~$=0.455X 10-3 mc/mg or 0.455 me/g

Similar calculations for the other samplea are given in
table ~. Each of the radioactivity measurement valuea of
column two is an average of two counter readings.

Mount 106 is a surface of one of the carburized electrolytic
iron disks. Mount 110 is a cross section of the other car-
burized electrolytic iron piece. The data in table IX as
well as the photomicrographs of these specimens indicate
homogeneous carburization of the electrolytic iron samples.

Mount 108 is a face of the carburized steel disk. Follow-
ing these activity measurements, the metal piece in mount
108 was cut in half in order to examine a crow-sectional
area, mount 197, as well as the reverse face, mount 196.
The activity data show that thispiece was not homogeneously
carburized since the cross-section area indicated a lower
activity than either of the two faces.

As a first assumption, however, rdl pieces of carburizing
stock picked up about the same amount of radioactivity.
The pieces were caxburized to the extent of approximately
0.46 me/g sample.

CAEBUIUZING EFFICIENCY CALCULATIONS

LinwLI analysis (ref. 97) of the carburized iron samples
indicated an approximate 0.40 percent carbon. Such an
analysis was not possible with the carburized steel since its

COMMITTEE FOR AERONAUTICS

structure did not lend itself to such analysis (pearlitic rather

than spheroidized structure). Note that the activities
measured on the faces of the carbnrized stael (mounts 108
and 196) were higher than that measurecl on the cross
section (mount 197). As a fit assumption, however, ono
can conclude that approximately the same percentages of
radioactive carbon were added to the steel and iron samples.

Thus, 0.40 percent carbon was added to 3.618 grams of

charge, or 0.01447 gram of carbon was added. This includm
carbon from the charcoal as well aa the barium carbonate,
The specfic activi~ measurements give R clue as to the
source partition.

The radioactivity measurements on the steel samples will
be eliminated from these calculations since they indicate
that the sample was not homogeneously carbtied.

The spetic activi~ of the carburized iron mounts 106
and 110 averaged to be 0.461 me/g. The carbon content
of these pieces was 0.40 percent. Thus, 1 gram of Sample

contained 4 milligramsof carbon and 0.461 millicurie actitivy.
The activity of the carbon in these pieces was 0,461/4
or 0.115 mc/mg. Compare this figure with the specific
activity of the original BaCOs which was 0.00912 mc/mg
(Oak Ridge analysis) baaed on BaCOs, or 0.16 mc/mg bnsed
on carbon.

It is now evident that 0.115/0.15 or 77 percent of the carbon
in the carburized iron samples originated in the barium
carbonate. There is no reason to believe that the same
calculation would not be valid for the carburized steel
specimen. It is believed that this value is in error by leas
than 10 or 20 percent. The validity of the above remdt
(77 percent carbon horn the barium carbonate) is based on
the Oak Ridge analysis of the spec.fic activity of the barium
carbonate.

APPENDIX c

MEASUREMENT OF THIN PLASTIC FTLM THICKNESS USING BRTA-RAY ABSORIWION

The beta thiclmess gage principle was used to determine
the thickness of the Vinylite plastic layer. Since the film
was very thin (approximately 1 micron) and of low density
(approximately unity), the beta source was restricted to
low-energy emitters.

Equation (1) of appendix B giYQ~the formula for beta
absorption and it is noted that when the thickness t is small
(low-thickness and low-density material) it is highly desirable
to have as large a mass absorption coefficient p as possible
in order to get a favorable ratio of I/IO.

Nickel-63 radiation has a mass absorption coefficient of
about 1.4 cm2/mg (ref. 98). The nickel-63 is about five
times more sensitive than carbon-14 which has a coefficient
of 0.3 cmg/mg.

One of the nickel-plated sampleswas counted in a window-
less flow counter tit bare, then coated as recommended
with a layer of VYNS Viiylite (2-percent solution). All
mdioaotitity counts were made with less than l-percent

“probable error (>4,000 totallcounts) and were correckxl for
background:
Samplewithno addedatiorhr -------------------- MOOoUn~/m~n
SamplecoatedwithVtiy~te---------------------- 417OoUn~/min

I_
Z=e “

417~=().~g=e-l.dt

t= O.0843mg/cmg

Since the density of Vinylite is 1.35 g/ml, the ilhn thicknessis:

0.0843 mg/cm9=o 6 ~cro=
1.35 g/cm3 .

The tbiclmem measurement (1 micron) made with the
optical microscope checks reasonably well with this thickness
value of 0.6 micron measured by beta-ray absorption,
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TABLE I.—RADIOACTIVEISOTOPEPROPERTD3S

Radiation energy, mev Masimum
range of alpha

Isotope or beta par- Half life

Alpha Beta Gamma ticlw in steel,
microns

Nickd-63-------.------ None O.06 None
C=bon-14------------- None .167 None 3:: %%yr
Cobdti60-------------- None .31 L 17 1020 5:2 yr

L 33
Tun@m-185---------- None .43 None 170.0 73.2 days
Copper-64------------- None . 67i5- 1.34 240.0 12.8 hr

669+ XAny 280.0
Phosphorus---32 ------- None 1:712 1,020.0 14.3 days
Polonium-210 ---------- S. 298 None .8 11.5 140 days

TABLE H.—CARBURIZING PACK COMPOSITION
I d 1

I 1 J
M~lp~nent

47.5
526

100.0

TABLE IV.-COMPOSITION

TABLE lIU.-NICKEIA30LUTION PURIFICATION
EFFICIENCY

[Niokel-63 radiation (60 kev beta) should have a range~ofi6 mgfom~ in
aluminum (ref. 99) ]

Aluminum Relative radiation intenaity,~counts/seo
absorber,
mg/omi As reoeived Purified

o 156.0
26

1540
10.8 ::
5.0

1:: 3.0 ------

)F COLLODION SOLUTIONS :
1

AW

u. s. P. Collodio% ml-----------------
Eth 1 alcohol, d-------------------- ::
Cdllr~4H30, g----------------------- 0.75
NH4Br, g---------------------------- 0.16
NH,I, g----------------------------- --

● oadalns5 mcdlt Wde and9Smolpm?mtbmmida
bCon@nsWm pa-cmtldlde aad~molpereantlmmlde.

Collodion d~gnation

Ax

8

0. 3%
0.075
----

Az

4

0. 18’%
0.0375

----

BB

4

0. %
0.16

--

BK =

E
0.75
0.1214
0.0428

BL b

H
O. 6164

----
0.435
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TABLE V.—DEVELOPER COMPOSITIONS

I I Composition/100 ml of solution
Figure

FeSOV7H10, g Fe@OJ@I,O. I

r

24 a . ----
1

4 --.-------
----- ----------

2 o)---- 2 ----------
24 d)----- ----------
24 e)----- 2 1

TABLE VI.-EFFECT ON SILVER GRAIN SIZE OF CHANGING
DEVELOPERTEMPERATUREAND TIME

25 22
26 % 22

30 22
;; 5
29 %
30 30 :

I I

Developed grain
Siz% microns

L 64
200
263
1.10
L 87
240

TABLE vII.-OOMPARISON OF KODAE AUTORADIO-
GRAPHIC STRIPPING FILM AND WET-COLLODION FILM

Property Stilpping film Wet collodion

Sensitive layer 5 microns ‘------- 3 to 6 l“iCmIE
thiolum?s.

Silver halide grain Approx. 0.2micron- Approx. 0.2 micron
size.

Develoned silver <0.6 micron ------ 0.6 to 6.0 miCmIIE

Time to apply film- Approx. 2 rnin---- A pros. 1 rnin
Time to develop, >5 rnin--__------ 125min

fix, andwashiihii
Maximum C%ure Unlinlited b------- With ~resent pro-

%1time permi . tectave layers,
<1 day over ac-

1 I tive metale such
as iron

Fog level ---------- ModeratO--------- Low’
R4?gishy----------- M:~~lace or Excellent

Protedive layer---- Required d-------- R8quired

W304-5H,0, ~

----------
----------
----------

L 6
----------

Acetic acid, m

----------
----------

5
6

----------

Alcohol, ml

----------

:
3

----------

TABLE VIII.-KLUMllTUM ABSORPTION MEASUREMENTS
ON A SAMPLE OF CARBON-14 IN IRON

Count+nin ‘
Aluminum absorber, Total sbeorber,b

mg/oml mg/cm*

1,257 0 6,7
730 & 68
476 kg 10.03
220 6.90 1260

*CarwtedforaM-ekgmmacormtof23Omnbtmfn.
bIndndmafnrnfncm,afr,andtnboWiCdOW.

TABLE IX.-SPECDHC ACTIVITDZS OF CARBON-14 SAMPLES

Meawred

tl-

Speoi5cactivity

Mount’ Sctivi@, 214diein~ Area,
counts/ grakons/min Omi DIsinte~min tions/min/mg me/g

106 11, 820 32 28X1(P o. ;3 L 013X 106 0.456
110 1, 282 3.50 1.033
108 10, 070 27.60 : %
196 6,474 17.68 . g: ii%
197 ~ 661 1246 .978 ::::

~Mount 103is a face of carbnrbedironpi- “a”
Meantllo b amm smtfonofrarbnrizwlkm Pkae“b.”
MountlfOisafacnOfcarbmfzed.rtcel%.”
MountlMfaonehalfofoppxdtefaraofmrburlcalstil %“ (rovereoof109).
Mocnt197b aauscmtlonofWbnrhadsteal%.”


